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This Journal represents an effort by the Society. to deliver information to the 
. feader with the ‘greatest possible speed: To this end the material herein has 
none of the usual editing required in more formal publications, 


Original papers and discussions of current papets should be submitted to the 
Manager’of Technical Publications, ASCE. Authors should indicate the technical 
division to which the paper should be’ referred. The final date on which a dis- 
cussion should reach the Society is given as @ footnote with each paper. Those 
who’ are planning to’ submit material will expedite the review and publication 
procedures by complying with the following basic requirements: 


_ 1. Titles should have a length not exceeding 50 characters and spaces. 
2. A 50-word summary should, accompany the paper. 


~3. The manuscript (a:ribbon copy and two copies) should be double-spaced 
on one side of 814-in. by 11-in. paper. Papers that were originally prepared for 
oral presentation must be rewritten into the third person before being submitted. 


4, The author's full name, Society membershi ip grade, and footnote reference 
stating present employment should appear on the first page of the paper. 


5. -Mathematics are reproduced directly. from the copy that is submitted. 
Because“of this, it is necessary thaf capital letters be drawn, in black wink, Y%-in. 
high’ {with all other symbols and characters in the proportions dictated by 
_ standard drafting practice) and that no line of mathematics be longer than 6¥4-in. 
‘Ribbon copies of.typed equations may be used but they will be ieee! 
_smaller in the printed version. 


6. Tables should be. typed (ribbon copies) on one side of 8Y4-in. by 11n. 
paper within a 6Y4-in. by 1014-in. invisible frame. Small tables should be grouped 


within this frame. Specific reference and explanation mane be made in the text 
for each table. 


7. Iltastrations should be drawn in black ink on one side of 8444 in. by. 11-in. 
paper ‘within an invisible frame that measures 614-in. by 1014-in.; the caption 
‘should: also’-be included within the frame. Because illustrations will be reduced 
to 69% of the original size, the capital letters should be 4-in. high. Photographs 
should be submitted as glossy prints in a size that is less than 6\4-in. by 10)4-in. 
Explanations and descriptions should be made within the text for each illustration. 


8, ‘Papers should average about. 12,000 words in length and should be no 
longer. than 18,000 words. As an approximation, each full page of typed text, 
or illustration is the equivalent of 300 words. 


~ Further information concerning the preparation of technical papers is. Gon- 


tathed im the “Technical Publications Handbook” which can be obtained from 
the Society. 


Reprints from- this Journal.may be made on condition that the full title of 
the paper, name of author; page reference (or paper number), and date of 
publication by the Society are given. The Society is not responsible for any 
statement made or opinion expressed in its publications. 


This Forsenal , is published bi-monthly ‘by the American. Society of Civil 
Engineers. Publication 6ffice is at 2500°South-State Street, Ann Arbor, Michigan. 
Editorial’ and General Offices are at 33 West 39 Street, New York 18, New York. 
$4.00 of a member's dues’ are applied as a subscription to this Journal. ‘Second-class 


mail privileges are at Ann Michigan. 
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ROCKFILL DAMS: CHERRY VALLEY CENTRAL CORE DAM* 


H. E. Lloyd,! M. ASCE, O. L. Moore,? A.M. ASCE, 
and W. F. Getts,3 M. ASCE 
(Proc. Paper 1733) 


FOREWORD 


This paper is one of a group from the ASCE Symposium on Rockfill Dams, 
June, 1958, at Portland, Oregon. 

For purposes of this Symposium, a rockfill dam is considered to be one 
that relies on dumped rock as a major structural element. Included are rock- 
fill dams of the types with impervious face membranes, sloping earth cores, 
thin central cores, and thick central cores. 

The objective of the Symposium is to assemble experience data on the 
higher rockfill dams of all types along with discussion by engineers engaged 
on rockfill dam projects. It is hoped that this Symposium will contribute to- 
ward improved, more economic and higher rockfill dams of all types. 


SYNOPSIS 


This paper describes the construction of Cherry Valley Dam of the Hetch 
Hetchy Water Supply of the City and County of San Francisco. Cherry Valley 
Dam is of the central core rockfill type. The central core is composed of 
compacted decomposed granite and the rockfill is of freshly quarried granite, 
placed in lifts of 15 to 30 feet and sluiced. The performance of the 


Note: Discussion open until January 1, 1959. Separate discussions should be submitted 
for the individual papers in this symposium. To extend the closing date one month, 
a written request must be filed with the Executive Secretary, ASCE. Paper 1733 is 
part of the copyrighted Journal of the Power Division, Proceedings of the American 
Society of Civil Engineers, Vol. 84, No. PO 4, August, 1958. 


Presented at meeting of ASCE, Portland, Ore., June, 1958. 

Mgr. and Chf. Engr., Hetch Hetchy Water Supply, Power and Utilities Eng. 
Bureau, Public Utilities Comm., City and County of San Francisco. 
Constr. Engr., Hetch Hetchy Water Supply, Power and Utilities Eng. 
Bureau, Public Utilities Comm., City and County of San Francisco. 


Senior Civ. Engr., Hetch Hetchy Water Supply, Power and Utilities Eng. 
Bureau, Public Utilities Comm., City and County of San Francisco. 
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embankment during the first two fillings of the reservoir is also described 
and measurements of the settlements anc deflections are given. 


Embankment Design 


The design of the Cherry River Project of the City and County of San 
Francisco has been presented in detail in Convention Preprint Paper No. 71, 
“The Cherry River Project of the City of San Francisco” by M. L. Dickinson, 
M. ASCE. (March, 1953). For the benefit of those who do not have access to 
this paper the design of the dam embankment will be reviewed briefly. 

Cherry Valley Dam is of the composite earth and rock-fill type, with the 
impervious core centrally located in the cross-section. A two layer transi- 
tion zone, 20 feet in total thickness, is placed between the.impervious core 


and the rock envelope, both upstream and downstream. The dimensions are 
as follows: 


Crest length, feet 2,600 
Crest elevation, feet 4,715 
Crest height above streambed, feet 315 
Depth streambed to bedrock, feet 15 
Height, total, feet 330 
Crest width, feet 40 
Thickness at base, maximum, feet 1,320 
Volume, cubic yards 
impervious core 2,932,000 
transition zones 593,000 
rock envelopes 3,475,000 
Total 7,000,000 


This type of dam was selected in order to make the best possible use of 
local materials. Ample deposits of material for the impervious core were 
found within two miles of the damsite, and excellent granite for the rock en- 
velopes was obtained from a quarry on the right abutment, just downstream 
of the dam. Material for the transition zones was obtained from deposits in 
the reservoir area. The embankment section was proportioned to use as 
much core material as possible while still maintaining the desired factors 
of safety under the various conditions of loading. A core with the required 
degree of impermeability could have been obtained with a thinner section, but 
since the cost per cubic yard of the rock fill was about twice that of the core, 
it was desirable to use a section containing the maximum proportion of core. 
However, if the embankment were to be built entirely of the core material, 
the slopes of the upstream and downstream faces of the embankment would 
have to be flattened to maintain the required stability of the section. This 
would increase the total volume of material required for the embankment and 
also the length of the combined outlet and diversion tunnel. In the case of 
Cherry Valley Dam the total cost of the embankment would remain about the 
same since the increase in volume would be offset by the lower unit cost 
of the material, but the cost of the tunnels would be increased about 50% due 
to the greater length required. 

The outside slopes of the rock fill were made as steep as possible while 
maintaining the required stability. The overall slope of the outside face of 
the rock is 2 horizontal to 1 vertical. The upstream slope of the impervious 
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core is 0.70 to 1 while the downstream face is 0.75 to 1. The difference of 
0.05 in the upstream and downstream slopes represents about 160,000 cubic 
yards of material. If this material were to be rock instead of decomposed 
granite it would cost about $1.00 per cubic yard more, so that the difference 
in the core slopes represents about $160,000. 

The borrow areas for the impervious material were explored by means of 
auger holes at 250 foot centers. Samples were taken at intervals of not over 
seven feet in these holes, or at changes in type of material. Sieve analyses 
and moisture density tests were made on these samples primarily to deter- 
mine the types of material in the borrow area and the uniformity of these 
types. In the selected borrow area it was found that the material could be 
classified into four groups or types. All of the material consisted of decom- 
posed granite classified as a silty sand but variations in the proportions of 
feldspar and quartz in the original granite caused variations in the residual 
material. 

Composite samples of each of the four types of material were tested for 
gradation, plasticity, specific gravity, compaction characteristics, direct 
shear strength, permeability, and consolidation characteristics. From the 


results of these tests values were assumed for the design of the embankment, 
as follows: 


dry weight 106 lbs. per cu. ft. 
angle of friction 27 degrees 
cohesion 0 


These values represent the minimum quality of the material available for the 
core. The average quality is somewhat better. This represents an additional 
safety factor which was not taken advantage of in the design. 

The rock was not tested other than by core drilling of the prospective 


quarry areas. Based upon tests reported by others, the following design 
values were used for the rock fill: 


dry weight 110 lbs. per cu. ft. 
saturated weight 
angle of friction 45 degrees 


The local stability of the rock slopes between berms was checked by the 
infinite slope method. These slopes had factors of safety ranging from 1.33 
with empty reservoir to 1.10 with full reservoir and 0.05 g earthquake forces 
acting. 

The overall embankment was checked by use of the slip circle method. 
The minimum factors of safety for the various design conditions are: 


Normal operating conditions 1.50 
Infrequent operatiing conditions 

such as sudden drawdown 1.25 
Normal operating conditions 

plus 0.05 g earthquake 1.10 
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The transition or filter zone between the core and the rock consists of two 
layers or zones. The finer layer, adjacent to the core, is 8 feet thick while 
the coraser layer is 12 feet thick. The gradation of the material in these 
zones was based on the criteria that: 


1. To prevent migration of the finer material into the coarser material 
the 15% size of the coarser material should not be greater than 5 times 
the 85% size of the finer material; 


and 


2. For drainage the 15% size of the coraser material should not be less 
than 5 times the 15% size of the finer material. 


As an added protection against migration of the fine material into the rock- 
fill, selected fine material from the quarry was placed adjacent to the transi- 
tion zone. This material in effect acts as a third transition zone and actually 
reduced the cost of the embankment since the material would otherwise have 
been wasted. 

During construction the river was diverted through a 16 foot diameter con- 
crete lined tunnel under the right abutment. Upon completion of the embank- 
ment an intake tower was constructed at the upstream end of the tunnel and 
outlet valves were placed at the downstream end. A steel lining, 15'-4'' in- 
side diameter, was placed in the tunnel from the line of the grout curtain to 
the downstream end. The space between the steel lining and the concrete was 
filled with a sanded grout. A tee and a butterfly valve were also installed at 
the downstream end to serve the future power development. 

A side-channel type spillway is provided on the right abutment. Model 


studies were made to determine the most efficient layout of the spillway and 
discharge channel. The crest of the concrete ogee weir is at elevation 4700, 
15 feet below the nominal crest of the dam. The spillway will pass a flow of 
52,000 cfs with 3 feet of freeboard on the dam. 


Construction 
Foundation Preparation 


In October of 1951 a contract was awarded to the Owl Truck and Construc- 
tion Company in the amount of $684,480.00 for clearing and stripping of dam 
site foundation, cutoff trench, excavation and cutoff grouting. The entire 
foundation area was stripped to weathered bedrock, final clean up being per- 
formed by hydraulic monitors. A total of 291,500 cubic yards of overburden 
was removed. A cutoff trench to relatively firm, unweathered granite was 
excavated in the foundation adjacent to the dam axis. The trench averaged 20 
feet in width at the bottom and 11 feet in depth, varying from 20 feet deep at 
the abutments to 4 feet deep at the stream bed. Location of the cutoff trench 
with respect to the dam axis is shown on Plate No. 2. After completion of 
cutoff trench excavation, a single line of cutoff grout holes on five foot centers 
was drilled and grouting by stages down to 120 feet in depth. Primary holes 
were drilled and grouted on 20 foot centers, then secondary holes were drilled 
and grouted between primary holes, reducing the hole spacing to 10 feet. 
Finally, tertiary holes were drilled between primary and secondary holes, 
reducing hole spacing to 5 feet. In general, grouting was performed on all 
holes so that stages in adjacent holes differed by no more than one stage. In 
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all cases grout used was neat cement grout with water-cement ratios ranging 
between 0.6 to 1 and 10 to 1. Grout pressures used averaged one pound per 


square inch per foot depth of hole. Grout takes in the various stages are 
shown in following table: 


TABLE I 


Unite Grout Requirement 
Cu. ft. per Lin. ft. 


Stage First Second Third Fourth 
Hole 0 to 23' 23' to 43' 43' to 63' 63 to 123! 


Primary 2.366 0.745 0.097 { 0.056 
Secondary 1.068 0.332 0.000 i 
Tertiary 0.590 _ _ ~ 
Additional foundation preparation under this contract consisted of backfill of 
prominent seams or crevices with a lean concrete under the compacted earth 
core to facilitate fill placement. 


Dam Embankment 


In October 1953, a contract for construction of the dam embankment in the 
amount of $7,162,800 was awarded to the Guy F. Atkinson Company. As soon 
as the necessary equipment could be assembled, a small quarry was developed 
just upstream from the damsite and construction of an upstream rock coffer- 
dam commenced. This cofferdam was designed and constructed to be later 
incorporated into the upstream toe of the rock embankment. Final closure 
and diversion of the Cherry River was accomplished in June 1954, with the 
placing of a 30 foot thick blanket of impervious material on the upstream 
face of the cofferdam. The first lift of this impervious material was placed 
to an elevation about 30 feet above streambed by end dumping and dozing into 
comparatively still water. The impervious blanket was completed to the 
crest of the cofferdam, 70 feet above streambed, by placing in lifts about 2 
feet thick. Compaction of the impervious blanket was limited to that obtained 
by hauling and spreading equipment. Seepage through the completed cofferdam 
was minor and was handled by a 1000 gpm electric pump. 

Due to the slope of the streambed at and downstream from the damsite, as 
well as the low flow diverted (a maximum of 3200 cfs during construction in 
the first season), no downstream cofferdam was required. 


Compacted Earth Fill 


Under the terms of the contract, the Contractor was allowed the option of 
utilizing either one or both of two designated impervious borrow pits, either 
of which contained sufficient material for the embankment, as determined by 
auger borings. Both borrow pits offered a downhill haul to the damsite, and 
the Contractor chose to haul all of the fill material from a single pit, distant 
about three miles from the damsite, only slightly less than the distance to the 
alternate pit. The selection of pits provided a saving in haul road construction, 
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inasmuch as the haul road constructed passed just below the major rock quar- 
ry, one-half mile from the Dam, and was used also for trucks from the quarry. 
This arrangement proved satisfactory, although it was necessary to provide 
traffic control at the intersection of the quarry road and the main haul road 
much of the time. 

Impervious material in the borrow pit selected by the Contractor was a 
decomposed granite derived by deep chemical weathering of inplace granitic 
bedrock. The area was known to contain several springs and was traversed 
by two small streams which flowed throughout the year. Moisture content of 
material in place ranged from 5% to 15% over the optimum required for com- 
paction and this single fact to a major extent governed the Contractor’s opera- 
tions both in the borrow pit and on the fill. 

Mechanically the borrow pit classification ranged from sandy silt to silty 
sand with 95% of the material classified as silty sand. Within the above 
ranges the material was further classified as follows: 


% finer than % of total Mtl 
Type Characteristics #200 screen Used 
1. Finely graded-Low Density 41 to 82 15% 
2. Fine graded-Above average 
density 34 to 41 35% 
3. Coarsely graded- Below 
average density 22 to 34 35% 


Coarse graded-High Density 10 to 22 15% 


The average plasticity index of material in the borrow pit was 2.3 and 
ranged from 5.0 to 1.0. Of the samples tested 15% of the material had a P.I. 
of 5.0, 15% a P.I. of 3.0, 35% a P.I. of 2.0 and 35% a P.I. of 1.0. 

Laboratory dry densities of the material ranged from a minimum of 113.3 
lbs to a maximum of 128.0 lbs. per cubic foot when compacted at modified 
A.A.S.H.O. effort (56,250 ft. lb. per cu. ft.) 

During the winter of 1953-54 the borrow pit, 200 acres in area, was cleared 
of trees and brush and stripped of humus and organic soil to an average depth 
of 2 feet. Haul roads were constructed, and some surface drainage excavation 
was performed. 

Under the bidding schedule, the price established by the City for borrow pit 
excavation was $0.20 per cu. yd. This price included all excavation, whether 
waste or fill, and covered the cost of treatment to produce material of optimum 
moisture content, handling of stones and boulders in the pit, loading and haul- 
ing. The Contractors’ bid price for placing and compacting material in the 
embankment to the specified density was $0.40 per cubic yard. Compaction 
results were specified; methods were left up to the Contractor. 

In addition to the foundation treatment performed under the contract for 
stripping the damsite, under the fill contract, all joints and seams under the 
impervious section of the dam were slush grouted at least 48 hours in advance 
of placing fill thereon. Thus, foundation slush grouting proceeded up the dam 
abutments generally two days in advance of fill placement. Slush grout was a 
sanded grout composed of 1 part cement, 3 parts sand and 2 parts water. 

From streambed to the crest of the dam, all impervious material placed 
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against the foundatioh was hand compacted for a distance of from 3 to 4 feet 
out from the foundation contact, using pneumatic tampers. The Contractor’s 
bid price for this work was $6.00 per hour for each tamper used, maintained 
and operated, including sufficient hand labor to place material at the contact. 
A total of 6,430 tamper hours were used during the term of the contract. The 
area of the contact between the foundation and impervious core was 31 acres. 
During fill placement, the fill contact zone was kept to an elevation averaging 
three feet above the balance of the fill. 

Impervious material was loaded in the borrow pit, transported to and 
placed on the embankment by 20 c.y. carryalls operating on the three mile 
haul road at speeds up to 40 mph. At the maximum rate of placement, about 
24,000 c.y. per day, 20 of these units were used on each of two shifts. Carry- 
alls were generally loaded in the borrow pit by two pusher tractors operating 
in tandem. 

Continuous treatment of impervious material in the borrow pit was re- 
quired to remove residual boulders encountered and to reduce moisture con- 
tent to optimum for compaction. Material encountered in the pit varied in 
moisture content from 20% to 30%, and optimum moisture for compaction to 
specified density varied from 10% to 14%, depending upon gradation and specif- 
ic density. Reduction of moisture content was accomplished by a systematic 
cultivation of the borrow pit and rotation on a 4 to 5 day cycle of excavation 


in designated areas of the pit. The cycle of excavation and treatment was ap- 
proximately as follows: 


In a designated area where moisture had been reduced to optimum or 
slightly above, material was excavated to a depth of approximately 18 
inches. On the day following, the area was ripped to a depth of about 2 feet 
by a crawler tractor equipped with a back-mounted ripper, and any boulders 
encountered were removed to the boundary of the area. On the next day the 
area was plowed with a two foot bottom plow. This treatment was repeated 
on the following day in areas of excessively high moisture content. On the 
next day the area was harrowed to a depth of about one foot by means of a 
spring tooth harrow. The following day the area was checked for moisture 
and if found satisfactory, excavated for fill in succeeding shifts. 


All treatment for reduction of moisture content was performed on the day 
shift and the dryer areas of the horrow pit were generally reserved for haul- 
ing to the fill after sunset on the swing shift. Varying with the season and 
time of day, it was determined by testing that moisture content could be re- 
duced by a maximum of 2% during the cycle of rock removal, leveling and 
sheepsfoot compaction on the fill embankment. Considerable experimentation 
with compaction units of various sizes and types_on lifts of varying thickness 
was performed in early phases of impervious fill construction. During the 
early part of the first construction season for impervious fill, Summer, 1954, | 
two rubber-tired compactors were tried, with gross weights of 50 and 100 tons, 
as well as sheepsfoot compactors ballasted to gross weights varying from 25 
to 35 tons. Primarily because of the higher reduction of moisture content due 
to evaporation resulting from sheepsfoot compaction and secondarily because 
of the greater apparent compactive efficiency derived from increased weight, 
the contractor shortly standardized on the 35 ton sheepsfoot roller for all 
compaction. 

A total of 1260 field density tests were taken during construction, averaging 
one for each 2,300 c.y. of impervious material placed in the embankment. The 
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average field density of all samples taken was 91% of laboratory density at- 
tained by the use of apparatus and procedures required for A.A.S.H.O. 
Method T 99-49, with the following changes: 


a) the weight of the compaction hammer was 10 pounds instead of 5.5 
pounds. 


b) the hammer drop was 18 inches instead of 12 inches 


c) the control sample was compacted in 5 equal layers instead of 3, using 
25 blows per layer. 


To obtain 91% average density the contractor settled on a compaction ef- 
fort of 12 passes of a 35 ton sheepsfoot roller on each layer of 9 inches, 
loose depth. 


The contractor placed impervious fill in the following sequence: 
1. After compaction of a layer, the top surface was bladed off by means of 


a patrol grader. This operation was found to be essential in obtaining 
uniform thickness in the subsequent layer of material. 


Just prior to placement of a layer, the top of the previous layer was 
scarified to a depth of about two inches to break up hard surfaces caused 
by the tires of hauling units and to insure bonding of the two layers. 


A layer of material was placed on the fill by carryalls and spread to a 
thickness averaging 9 inches, loose measurement, by a crawler tractor 
equipped with a bulldozer. 


4. The loose layer was raked through by a crawler tractor equipped with a 
rock rake to remove rock of a size over four inches. This operation 
was supplemented by a continuous patrol of a dump truck and two 
laborers following behind the rock rake to pick up oversize material 
which slipped through the rake. 


5. The layer was compacted as noted above. 


Although the results obtained by the above procedure were specified, the 
contractor was allowed a great deal of latitude as to methods, and followed 
the procedure outlined after considerable experimentation. 


Transition Zone 


The impervious core was flanked up and downstream by a transition zone 
20 feet thick grading from sand and fine gravels adjacent to the impervious 
core to coarse gravel and cobbles. The required gradation for transition 
material was obtained by selective excavation from extensive deposits of 
sands and gravels in the flood plain of Cherry Valley. No mechanical grading 
of the material was necessary. 

Transition material was placed in layers one foot thick, each layer being 
compacted by one complete coverage of a crawler tractor. 

During the summer of 1954, placement of impervious and transition fill 
material progressed to an elevation considerably above the average elevation 
of the outside rock envelopes. 

To retain the transition material on slopes of 0.75:1 and 0.7:1, it was 
necessary to place rock adjacent to the transition zones as the elevation of 
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the impervious and transition zones increased above that of the full rock sec- 
tion. Rock for this purpose was placed by dumping from the transition zone 
along the full length of the dam. This “retaining” rock was dumped without 
Sluicing at the point of the dump to prevent damage to transition and core 
material. Rock dumped dry adjacent to the transition zone reposed on a 
slope approaching 1:1. In general, rock selected for dumping adjacent to 
transition zones was the smallest available from the quarries, and thus fur- 
nished additional transition in grading from coarse gravel and cobbles into 
quarry-run rock. 


Rock Embankment 


Rock for embankment was granodiorite quarried from three sites, all with- 
in a half of a mile from the damsite. Overburden to an average depth of 6 feet 
was stripped from quarry sites and wasted. 

Chemical weathering of the rock extended to an average depth of 35 feet be- 
low bedrock surface, the extent and severity of weathering decreasing with 
depth. During construction of the embankment, some of the more severely 
weathered bedrock was wasted, although much of it was suitable for rockfill 
placed adjacent to the transition zones. 

For all quarry excavation, including stripping and waste, the Contractor 
was paid $0.50 per cubic yard, the price being stipulated in the contract by 
the City, based on cross section measurement of the quarry sites. In addi- 
tion, for all rock placed in the embankment, the Contractor was paid his bid 
price of $0.72 per cubic yard, based on embankment cross sections. 


The Contractor experimented with various drill hole patterns and loadings 
and standarized on the following: 


1. Drilled 4 inch diameter vertical drill holes, 30 feet deep, on an average 
spacing of 10 feet by 12 feet. Drills used were wheel-mounted, percus- 
sion type, wagon drills. 


2. The bottom 4 feet of each drill hole was loaded with 60% gelatin, the 
balance of the hole with 40% gelatin to within five feet of the collar. 


3. Explosives were detonated by means of electric blasting caps, delayed 
progressively from the working face back into the quarry. 


The powder factor used averaged 0.6 pound per cubic yard of rock removed 
from all quarries. 

Blasted rock was excavated from the quarry by means of 5-1/2 cubic yard 
electric, 3-1/2 and 2-1/2 cubic yard diesel shovels, and very little secondary 
shooting was required. Fifteen cubic yard, off-highway, rear dump trucks 
were used to transport blasted rock from quarries to the dam embankment. 

In general, the rock fill portion of the dam embankment was constructed 
by end dumping on 30 foot vertical lifts, although in a few instances 15 foot 
lifts were used where access became a problem. To obtain the average de- 
sign rock slope of 2 horizontal to 1 vertical and still save rehandling the 
surface rock during construction, the up and downstream rock faces were 
constructed on 20-foot wide horizontal berms at 30-foot vertical intervals, 
with the rock between berms taking its average material slope of repose of 
1.33 horizontal to one vertical (See Plate 2). 
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Compaction of rock embankment was obtained by sluicing, using hy- 
draulically operated monitors equipped with nozzles of 3, 3-1/2 or 4 inches 
diameter, operated at nozzle pressures ranging from 70 to 140 pounds per 
square inch. The skidmounted monitors were always placed out ahead of the 
rock dump on top of the previously placed lift 30 feet below, and were situated 
so that the water stream was directed into the face of the dump. 

In dumping, rock was deposited on the edge of the dump and bulldozed over 
the edge, sufficient fine material being left on the top of each lift to provide 
an adequate surface for hauling. Prior to placing the next lift, this compara- 
tively smooth surface was ripped up and the fine materials washed down into 
the embankment. Thus, in addition to sluicing the dump face, primarily at the 
point of the dump, each monitor was required to sluice the horizontal surface 
on which the rock was dumped. 

Rock embankment was constructed on a two or three shift basis throughout 
the year, inasmuch as freezing conditions in the winter never became suffi- 
ciently severe to halt the work. The maximum rate of rock fill placement at- 
tained was about 14,000 cubic yards per day, using ten 15 cubic yard trucks 
on each of three shifts. Average rate of placement for the construction 
period was about 7200 cubic yards per working day. 

The Dam embankment was completed in October, 1955; total time of con- 
struction was two years. 


Performance 


Reservoir Operation 


Since the operation of the reservoir may influence the performance of the 
embankment, a brief description of the operation to date is given below. 

The dam embankment was completed in October 1955. However, the spill- 
way concrete was not completed until the fall of 1956, so that during the 1956 
run-off season the water surface in the reservoir was kept below elevation 
4650. This elevation is 50 feet below the spillway lip and 65 feet below the 
nominal crest of the dam. This was possible because the outlet valves have 
a capacity in excess of normal requirements in order to permit the reservoir 
to be operated for flood control. This excess capacity allowed the City to 
maintain the water surface at or below the permissible elevation during the 
run-off season. Of course, had a flood threatened during this period, it would 
have been necessary to drown out some of the Contractor’s operations 
temporarily. 

In 1957 the reservoir was completely filled. This also allowed a check on 
the operation of the spillway. Since the maximum inflow at the tailend of the 
run-off was only around 500 cfs the flow over the spillway was limited to this 
amount. The maximum elevation of the water surface was 4700.6, 14.4 feet 
below the dam crest. Under these conditions the spillway functioned without 
trouble, although the flows and heads really did not offer a very severe test. 

In both of these years, 1956 and 1957, it was necessary to draw the 
reservoir down to elevation 4600 to allow other construction work in connec- 
tion with the Cherry Power Project to proceed. As soon as the downstream 
reservoir of the Modesto and Turlock Irrigation Districts could receive the 
water, the outlet valves were opened. In 1956 the water surface was lowered 
from elevation 4650 to 4595, a total of 55 feet, in 15 days. In 1957 it was 
lowered 100 feet in 45 days. These conditions approach the classical case of 
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“sudden drawdown.” However, since the water level was kept at its maximum 
elevation for only a short period of time, the core was not completely satur- 
ated, and the drawdown condition was not as severe as it would have been had 
the core been saturated. 

It is expected that the reservoir will fill again this year, and as in the past 
two years it will again be drawn down to elevation 4600. 


Measurements 


Before filling of the reservoir was started, survey monuments were set in 
the impervious core along the crest of the dam. These monuments consist of 
a standard bronze survey marker set in an 8 inch diameter concrete base, 
extending 3 feet into the core material. These monuments were set at 400 foot 
intervals in a straight line along the crest of the dam. Reference points were 
set on the extension of this line at each abutment. The elevation of each point 
was determined and recorded. Bench marks were set at each abutment for 
future reference. The horizontal distances between the reference points on 
the abutments and the monuments along the dam crest were also measured 
and recorded. Settlement points were not established on the rockfill, neither 
on the crest of the dam nor on the berms. 

Measurements have been made on these markers at irregular intervals 
since the reservoir was placed in operation. Readings have been taken rather 
frequently during run-off period when the reservoir fills quite rapidly and 
also during the period when it is being drawn at a greater than normal rate. 
At other times the interval between readings is much longer since conditions 
are pretty much constant and the embankment movements occur at a much 
slower rate. 

The amount of settlement at each marker is measured. Also the deflection 
of the marker from a straight line along the theoretical axis of the dam. The 
horizontal distances from marker to marker have been checked several times 
to see if there is any apparent movement along the fill from the abutments 
toward the section of maximum height. To date there does not appear to be 
any motion in this direction. 

A weir was also set in the old stream channel below the dam to measure 
seepage. This has not been too successful as described in more detail later. 


Seepage 


Seepage is probably the most direct indication of the success of this type 
of dam. It has been said that a stable dam embankment can be constructed 
out of almost any competent material provided that the resultant seepage is 
tolerable. What the tolerable seepage may be is something to be decided for 
each dam and depends on the basic function of the structure. 

The design studies for Cherry Valley Dam indicated that maximum see- 
page through the impervious core might be of the order of 3 to 5 cfs. This 
is based on the water surface remaining at maximum elevation long enough 
to saturate the core and establish the phreatic line at its highest position. 
Since the coefficient of permeability of the core material is about 0.01 feet 
per day it would take a long time to achieve this condition. The State Fish 
and Game Commission requires that a minimum streamflow of 5 cfs be 
maintained downstream from the dam during the fall of year. Obviously it 
would be very nice if this flow could be maintained by seepage through the 
dam without the need of a small capacity auxiliary outlet. At any rate, for 
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Cherry Valley Dam it was decided that the maximum expected seepage would 
be tolerable. 

Upon completion of the embankment, an attempt was made to measure the 
seepage by means of a weir downstream from the dam but upstream from the 
channel leading from the outlet valves. Unfortunately this part of the river 
channel has five to ten feet of semi-pervious material over the bedrock. This 
material consists mostly of fines washed out of the rockfill by the sluicing 
during construction. At the weir location the surface flow is concentrated in 
a well defined channel and it was hoped that the underflow could be cut off 
without an expensive structure. This was not the case. 

That there is underflow is shown by the fact that for a constant reservoir 
elevation, the amount of flow as measured at the weir varies with the dis- 
charge of the outlet valves. As their discharge is increased, the increased 
depth of flow in the river downstream of the weir raises the water surface in 
the semi-pervious material and causes increased flow over the weir. When 
the outlet valves are closed, there is no flow over the weir. At such times 
none of the seepage reaches the surface of the semi-pervious material. 

However, when the discharge of the valves was constant, the flow over the 
weir varied with the water surface elevation in the reservoir. A record has 
been kept of the flow over the weir since an increase in this flow with the 
other variables remaining constant would indicate an increase in seepage 
through or under the embankment. 

Complicating the seepage measurements are the presence of several 
springs under the downstream portion of the rockfill. These springs were 
noted during construction. Dye tests were made to find out if there was a 
connection between them and Cottonwood Creek, which enters the reservoir 
just above the dam. No connection was found. Since the rockfill is free 
draining no remedial action was taken. These springs normally only flow 
during the spring and early summer. Their location has been recorded but it 
is not possible to separate their flow from the seepage measured at the weir. 

There is also a stream gaging station about 3/4 of a mile below the dam. 
Measurements at this station include the flow of two creeks and several 
springs between the dam and the station, so that the readings are of little 
value in determining seepage of the dam. 

To date, the seepage has been very small, probably less than 1 cfs. At 
times when the main outlet valves have been closed it has been necessary to 
open the small auxiliary outlet in order to maintain the required 5 cfs mini- 
mum streamflow. 


Settlement 


The settlement of a dam embankment is a matter of interest since it is 
usually considered to be an indication of the degree of compaction achieved 
during construction. In the case of rockfill, settlement may be taken as 
measure of the effectiveness of the sluicing in achieving rock-to-rock 
contact. 

The vertical settlement of the points established on the crest of the dam is 
shown on Plates 3 to 8 herein. These settlement points are in the core 
material. They do not show the settlement of the rockfill. The rate of set- 
tlement of the core has paralleled the water surface elevations with a time 
lag of several months. As the reservoir fills, the rate of settlement in- 
creases. When the reservoir is drawn down the rate of settlement decreases. 
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The maximum total vertical settlement to date is 0.45 of a foot, a station 
16400 (the point of maximum embankment height). Of the total settlement, 
0.23 of a foot occurred during the first year of operation of the reservoir, 
and 0.22 of a foot during the second year of operation. A camber of 1% of the 
vertical height of embankment was built into the crest of the dam. This 
amounted to 3.3 feet at this point. Thus, in two years operation 13.6% of the 
camber has been used. Judging from the settlement experience of other em- 
bankments, the rate of settlement decreases or ceases with time, the maxi- 
mum occurring during the first few fillings of the reservoir. It is hoped this 
will be the case at Cherry Valley since a sway-backed dam is not a thing of 
beauty. 

The settlement at the other points on the dam crest shows the same gen- 
eral pattern as at station 16400. It is interesting to note that the settlement 
at each point expressed as a percentage of the embankment height at the 
point is quite uniform as shown in the following tabulation: 


Embankment Settlement as % 
Station Settlement Height of Embankment Height 
4.400 0.10' 80' 0.12 


8400 0.23' 170! 0.13 
12400 0.37! 236! 0.16 
16+00 0.45! 323! 0.14 
20 +00 0.37! 227' 0.16 
24+00 0.09! 86' 0.10 


As mentioned before, settlement points were not established on the rock 
fill. Visual observations indicate that the settlement of the rock fill has been 
greater than the settlement of the core. For example, the berms on the up 
and downstream faces of the dam were horizontal when built. They are now 
lower in the central portion of the embankment than at the abutments. The 
maximum settlement is about 2 feet, measured on the upstream rock berm 
at elevation 4580. This is probably because the maximum vertical height of 
rock embankment above either bedrock or the compacted core occurs at this 
berm. 

At the dam crest there is additional evidence of differential settlement be- 
tween the rock and the core. The crest was constructed to a 40 foot width. 
The central 20 feet of the crest is the core of the dam, the outer 10 feet on 
each side is composed of the 2 transition zones plus the rock envelope. The 
entire crest of the dam is covered with a 6-inch layer of fines and gravel, 
compacted and bladed to form a roadway for light traffic. After the first 
filling of the reservoir several longitudinal cracks were noticed along the 
line of the junction of the core and the transition zone. 


These cracks were evidently caused by differential settlement between the 
rock (including the transition zones) and the core. As the rock settles it has 
a small component of movement in the upstream (or downstream, as the case 
maybe) direction. The cracks were not over 1/4 inch wide, and none of them 
extended continuously more than 30 or 40 feet. There were more of them on 
the upstream side of the crest than on the downstream. This would be ex- 
pected since the water action on the upstream rock fill would cause some 
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additional settlement, despite the sluicing performed during construction. The 
cracks could not be traced more than 10 or 12 inches below the surface. 
Their locations were recorded and the roadway material was bladed to seal 
them and prevent entry of water into the fill. 

After the second filling of the reservoir these longitudinal cracks were 
again noted. There was no marked connection between the location of these 
cracks and the ones in 1956. As before, a record was made of the locations 
of the cracks and they were filled by blading. 

Another indication of this differential settlement is seen at the crest of the 
dam. The crest was originally constructed with a slight crown in the trans- 
verse direction. Due to the increased settlement of the rockfill this crown 
has increased somewhat, but an accurate measurement of this is not possible 
since the edge of the fill is quite irregular due to the size of the rocks. 


Deflection 


A certain amount of movement in a downstream direction is to be expected 
in any dam embankment as the reservoir is filled. What is not expected is 
that the embankment move upstream as the reservoir is emptied. Yet that is 
what has happened at Cherry Valley Dam during its first two fillings. This 
is depicted graphically on Plates 3 to 9, on which the dashed line represents 
the horizontal movement of the survey points (positive in the downstream 
direction). 

Considering station 16400 again, during the first filling of the reservoir 
the total movement downstream was 0.14 of a foot. When the reservoir was 
drawn down, this point moved back upstream again so that just prior to the 
second filling the residual downstream movement was 0.035 ft. This is a re- 
bound of 0.105 ft. or 72% of the orivinal movement. The rebound was quite 
rapid at first, closely paralleling tne change in water surface. 

During the second filling of the reservoir this point moved downstream 
0.465 of a foot for a total movement (from empty reservoir) of 0.500 of a foot. 
(Remember that the first filling of the reservoir was only to elevation 4650, 
the second filling was to maximum pool at elevation 4700). When the reser- 
voir was drawn down the rebound was 0.195 of a foot, for a residual deflection 
of 0.305 of a foot. This rebscund amounted to 43% of the deflection occurring 
during the second filling, or 39% of the total deflection from empty reservoir. 

The other points moved in a manner similar to that at 16400 except that 
during the first drawdown of the reservoir they rebounded to a position up- 


stream from their initial position with an empty reservoir. The amount of 
such movement at these points was: 


Sta. 4400 0.025 ft. 

0.055 ft. 

12400 0.035 ft. 
16400 none 

20 +00 0.030 ft. 

24400 0.017 ft. 


This phenomenon is hard to explain. The thought immediately occurs that 
an error was made in establishing the points. However the series of readings 
made on these points prior to, and during, the first filling of the reservoir 
show no indication that such was the case. The other idea that has been 
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advanced is that due to unequal settlement between the upstream and down- 
stream portions of the embankment there is a net movement in an upstream 
direction at the crest of the dam. It is understood that similar movements 
have been observed in other dams and it is hoped that this symposium may 
produce an answer as to why. 

The ratio of the maximum recorded downstream deflection to the height of 
the embankment at each point is shown in the following table. In the case of 
the points which have shown a net movement upstream, the amount of such 
movement has been added to the maximum recorded downstream movement 
since the total movement during the second filling of the reservoir started 
from the upstream position of the points. Also shown is the percent recovery 
at each point as the reservoir was drawn down. 


Maximum Deflection 
Deflection after “Dm” 

Station “Dm” Drawdown H Recovery 
4400 0.120 ft. 0.025 ft. 0.0015 19% 
8400 0.245 0.075 0.0014 10% 

12400 0.415 0.220 0.0018 47% 

16+00 0.500 0.305 0.0016 39% 

20+00 0.295 0.170 0.0013 42% 

24400 0.052 0.017 0.0006 67% 


Plate 9 shows the horizontal deflection at various dates. These curves il- 
lustrate quite graphically the movement that has occurred at the crest of the 
dam as the reservoir has been filled and emptied. 

The significance of the dates is as follows: 


1. July 1956 Reservoir filled for 1st time (to elev. 4650) 
2. February 1957 Reservoir drawn down to elev. 4567 
3. July 1957 Reservoir at elev. 4700 (2nd filling) 

4. April 1958 Reservoir drawn down to elev. 4608 


From the above it is seen that insofar as horizontal movement is con- 
cerned the embankment behaves to some extent as an elastic body. As the 
load increases the horizontal deflection increases and as the load decreases 
the deflection decreases. These deflections follow the water surface with very 
little time lag indicating that the embankment adjusts to the increased loads 


quickly, but not quite as soon as would be the case for a perfectly elastic 
body. 
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ROCKFILL DAMS: BROWNLEE SLOPING CORE DAM# 


Torald Mundal,! M. ASCE 
(Proc. Paper 1734) 


FOREWORD 


This paper is one of a group from the ASCE Symposium on Rockfill Dams, 
June, 1958, at Portland, Oregon. 

For purposes of this Symposium, a rockfill dam is considered to be one 
that relies on dumped rock as a major structural element. Included are rock- 
fill dams of the types with impervious face membranes, sloping earth cores, 
thin central cores, and thick central cores. ‘ 

The objective of the Symposium is to assemble experience data on the 
higher rockfill dams of all types along with discussion by engineers engaged 
on rockfill dam projects. It is hoped that this Symposium will contribute to- 
ward improved, more economic and higher rockfill dams of all types. 


SYNOPSIS 


This paper describes the design and construction of the rockfill dam por- 
tion of Brownlee Hydroelectric Project. Of unusual interest are: diversion 
of flood waters over the partially completed embankment; inclusion of large 
quantities of compacted small rock material in the dam; and construction of 
the embankment on 110 feet of river-deposited materials. 


INTRODUCTION 


Three hydroelectric projects are currently scheduled by Idaho Power 
Company to ultimately develop 1,185,000 kilowatts of power by utilizing a 


Note: Discussion open until January 1, 1959. Separate discussions should be submitted 
for the individual papers in this symposium. To extend the closing date one month, 
a written request must be filed with the Executive Secretary, ASCE. Paper 1734 
is part of the copyrighted Journal of the Power Division, Proceedings of the American 
Society of Civil Engineers, Vol. 84, No. PO 4, August, 1958. 

a. Presented at Meeting of ASCE, Portland, Ore., June, 1958. 


1. Vice Pres. and Chf. Engr., International Eng. Co., Inc., San Francisco, 
Calif. 
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602-foot drop in the Hells Canyon reach of the Snake River along the Oregon- 
Idaho border. These projects, in downstream order, are Brownlee, Oxbow, 
and Hells Canyon. (Fig. 1) Brownlee and Oxbow projects, presently under 
construction, have completion dates of 1958 and 1960, respectively. 

Brownlee Hydroelectric Project is situated in the upstream end of the 
6,000-foot deep Snake River gorge, very appropriately named “Hells Canyon.” 
The rugged terrain presented challenging design and construction problems, 
solutions of which resulted in several innovations in the field of rockfill dams. 


Project features other than the dam are discussed only because of some direct 
relationship with the dam. 


Basin Description 


The 72,000-square mile drainage basin upstream from the damsite is 
divided into three distinct areas. The upper area rises to a maximumi eleva- 
tion of 13,700 feet on the peak of Grand Teton. Precipitation falling on this 
area builds an annual snow pack which supplies a major portion of the sum- 
mer flow of the Snake River. 

The middle area contains many acres of irrigated farms as well as forests 
and brushland. This area, with its vast underground storage reservoirs, col- 
lects much of the annual rainfall for release through thousands of small 
springs. 

The lower area, immediately upstream from the dam, is composed pre- 
dominantly of barren, precipitous hills. Runoff from these hills, caused by 
the seasonal and often intense rainfall, produces many flash floods. 

Water flowing past the damsite is not only regulated by the natural under- 
ground reservoirs, but also by numerous upstream reservoirs which have 
been constructed on the main stem and tributaries. As a result, the minimum 
flow of the Snake River at the Brownlee site is ideally suited for the genera- 
tion of power. The minimum monthly average discharge recorded at the Ox- 


bow gage was 7,000 cfs, while the mean discharge for the past 32 years was 
17,000 cfs. 


Site Description 


The Brownlee damsite, about 70 miles from Weiser, Idaho, is located on 
the Snake River approximately 80 miles upstream from the confluence of the 
Snake and Salmon rivers. At the dam base line, the canyon is about 600 to 
700 feet wide at river level and slopes up on both abutments at about 1 on 1; 
but the rock nose forming the left abutment just downstream from the base 
line has slopes as steep as 1/4 on 1. Rock outcrops and geological formations 
at the site indicate that bedrock lies a considerable distance beneath the val- 
ley floor. 

Geologically, the project area is covered with thick beddings of miocene 
basaltic lava flows of the tertiary age. These beddings, as shown in Fig. 3, 
occur in massive layers which vary in thickness from 60 feet to more than 
150 feet. The fine-grained basalt rock is dark grey when fresh, and becomes 
dark brown when exposed to air for any length of time. It contains crystals 
of feldspar in sizes from 1/4 inch to 1 inch in various beddings. By nature of 
its structure, the rock is hard, tough, and impermeable. Between the beds of 
lava flows, there are thin layers of tuff, varying in thickness from a few 
inches to a few feet. 
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At the damsite, the river cuts through five distinct beds which dip generally 
about 13° toward the west and form the easterly limb of a large syncline. The 
lowest of the beds is the most massive and extends across the river, under- 
lying a major portion of the dam foundation. 

The basalt rock layers contain natural joints which were formed during 
cooling of the lava flows and by movements of the crust of the earth. All 
beddings are closely jointed. The characteristic jointing and columnar forma- 
tion was clearly evident on the left bank. 

There were a few faults of small displacement in the area. These were 
considered to be inactive and therefore not a serious problem. 

Of the few dikes at the damsite, the most noticeable was Dike No. 4, which 


cuts diagonally across the dam foundation and through the rock nose on the 
left abutment. 


Project Description 


Major features of the project are a rockfill dam, spillway, outlet works, 
and power facilities. (Fig. 2) 

The dam has a crest length of 1,400 feet and a maximum height, as 
measured from bedrock to the top, of 400 feet. In section, the dam has a 
sloping impervious core flanked by sand and gravel filter zones and outer 
zones of rock. (Fig. 4) 

The spillway, which is located in the rock nose of the left abutment, con- 
sists of an approach channel, a concrete control section, and a lined chute. 
Spillway discharges are regulated at the control section by four radial crest 
gates, 

The outlet works consist of three gate-controlled openings through the con- 
trol section of the spillway. Releases from the outlet works discharge into 
the spillway chute. 

The power facilities include an intake channel, a power intake structure, 
individual steel penstocks in tunnels through the right abutment, and an out- 
door type powerhouse. An initial installation of four units will be increased 
to six in the future, with an ultimate capacity of 540,000 kilowatts. 


Foundation Explorations 


The program of foundation explorations, conducted during preliminary and 
final stages of design, served to determine final design decisions. Of a total 
of 32 core-drill holes, the first eleven provided the data used in the selection 
of type of dam. Nine of the eleven were drilled in the river channel and two 
in the right abutment. There was a high percentage of recovery of all cores 
except those taken from tuff layers between the beddings and at breccia zones. 
Water tests of the holes indicated that only normal foundation grouting would 
be required. 

The overburden was of considerable depth in the river channel with a 
maximum of 110 feet. It was generally well consolidated, and consisted of 
sand, gravel, cobbles, and small boulders. A deposit of sand and silt was 
found at the downstream end of a gravel bar near the left abutment. 

Samples from some of the original holes indicated the presence of fine 
sand. If a rockfill dam were constructed at this site, seepage through the 
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dam and foundation could cause piping in the sand or liquefaction of the fine 
sand upon being saturated and subjected to load. Therefore, additional holes 
were drilled near those preliminary holes which had indicated the existence 
of fine sand. The additional holes revealed that the fine sand layers were 
limited in extent and thickness, and therefore not dangerous. 

Rock samples obtained from the different bedding zones were carefully 
studied to determine the probable size of rock to be expected from normal 
excavation practices. Special attention was directed to the dip of the beddings 
in arranging the unusual deep excavation at the power intake, powerhouse, and 
the spillway. 

Artesian water was encountered in all holes except the two near the left 
abutment downstream of Dike No. 4. In two holes on the right abutment, water 
stood at 30 and 58 feet above the river water surface. The higher water level 
was farther from the river, indicating that artesian water was percolating 
down the dip from the east limb of the syncline. 


Selection of Type of Dam 


The preliminary investigations and foundation explorations revealed that 
the rock formation was structurally sound and would present no major prob- 
lems. 

A concrete dam would be more expensive than a fill-type dam. The hun- 
dred feet of concrete dam below the present river bed at the deepest point 
would nearly double the cost of such a structure. 

There is no large deposit of soil suitable for an earthfill dam near the 
damsite. There are, however, shallow patches of clay to be found in small 
deposits in the vicinity. The quantity of this material would be sufficient for 
the small amount of material required for the thin impervious diaphragm in 
a rockfill dam. Rock excavated at the site would be suitable for the dam. 

In addition, project cost could be reduced, by excavating all the rock required 
in the embankment from other features of the project. Increasing the length 
of the channel to the power intake structure reduces the penstock lengths, 
thus simplifying regulation of the units without increasing the dam embank- 
ment cost. Based on the above considerations and further detail studies of 


the elements of cost, the rockfill dam was selected as the most economical 
type to build at this site. 


Investigation of Construction Materials 


Following selection of the type of dam to be constructed, a soils laboratory 
was established at the site and a construction materials investigation program 
was initiated. Before the field soils laboratory was completely equipped to 
perform all tests, the soils laboratory of Washington State College was re- 
tained to make independent tests and to check the field laboratory work. 

All the basic material components of the dam, such as the impervious 


core, filters and rock were thoroughly investigated before start of construc- 
tion. 


Impervious Materials 


Extensive explorations in the vicinity of the damsite eliminated all but two 4 
potential sources of satisfactory impervious materials. Development of one 
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of these sources would require construction of a 2-1/2-mile road on a six 
percent downgrade to the dam, while the other source would require process- 
ing of the material for removal of interspersed rock and gravel. Compara- 
tive cost studies indicated that development of the source requiring construc- 
tion of the haul road would be the more economical. 


Test results of typical samples from the selected site revealed the follow- 
ing characteristics: 


Impervious Core Material Test Results 


Bl Bl Bl In Place 
148 149 151 Fill Material Text #1 


Specific Gravity 2.78 2.90 2.85 


Max. Dry Density* 100.1 104.5 119.3 110.0 
(lb/cu ft) 


Optimum Moisture (%) 23.7 21.5 14.6 19.6 
Liquid Limit 53.0 31.5 32.6 30.6 
Plasticity Index 27.0 8.0 16.4 8.5 
Permeability (cm/sec) 3.7x 1077 2.1 x 1075 

at Rel. Density (%) 90 90 
Cohesion (1b/sq ft) 3,400 

g° 15 


Mech. Analysis** 90 
(% passing #200 sieve) 


*Modified AASHO 
**Mechanical analysis curves are shown in Fig. 5. 


As indicated by the test results, the impervious material has a low friction 
angle, but very high cohesive strength. In addition, the material has the 
property of being exceedingly plastic, a characteristic considered to be very 
desirable for a thin core material. 

The natural moisture content of the material varies from 20 to 25%, 
slightly greater than optimum. 


Filter Material 


Satisfactory sources for fine filter materials in their natural state were not 
found in the Brownlee area. The best material available was in a large sand 
and gravel deposit located about three miles upstream from the site, on a 
bench approximately 100 feet above the river. Under a layer of top soil 
several feet thick, the material varied in composition from fine sand to large 
gravel. As may be seen from the mechanical analysis shown in Fig. 6, the 
material lacked sufficient amounts of fine and medium sands to meet the re- 
quirements for fine filter. Therefore, a processing plant was erected to 
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screen out coarse material larger than 1-1/2 inches, and to blend the remain- 
ing material with fine river sand. This resulted in a satisfactory grain-size 
distribution. Mechanical analysis of the resultant material is shown in Fig. 7. 

A “Wash Test” was used in the field laboratory to determine the ability of 
the fine filter material to retain the impervious material. At the start, water 
rushed through a wedge-shaped slot in the impervious material and into the 
fine filter compacted in the bottom of the test cylinder. Movement of the im- 
pervious materials gradually formed a seal which was 90% effective in twenty- 
four hours. By carefully removing the filter material in layers after the test, 
the amount and the depth to which the impervious material migrated into the 
filter was determined. 

The naturally-deposited, fine filter material from the borrow area was 
mixed with the large-size gravel screened from the processed fine filter, to 
form the coarse filter material required. 

Small-sized rock, ranging from 3 to 10 inches, was used as a third filter 
zone. This rock was obtained by selective loading from normal excavation. 


Rockfill Material 


Rock obtained from excavations made for the main structures constituted 
the major portion of the fill. Geological investigation had revealed that, with 
the exception of the weathered surface rock, all the rock from the excavations 
would be suitable for dam construction. The excavated rock sizes vary with 
the method of excavation, amount of explosive used, and the geological struc- 
ture of the bedrock. For design requirements, rock for sluiced rockfill 
should be as large as possible, whereas for satisfactory construction, the 
rock should be of sizes that can be economically handled by available equip- 
ment. Trial excavations were made to determine the probable size of rock 
obtainable from the different areas of excavation. 

The specific gravity of the solid basalt rock was found to be relatively 
high, due to the iron content, varying from 2.8 to 2.9. The natural angle of 
repose of the material, determined from measurements of the rockfill slopes 
at both abutments in the eariy stages of construction, varied from 1.35 to 
1.40 horizontal to 1.00 vertical. 


Final Design 


Final design of the dam was governed by the criteria as listed below: 


1. Arrangement of the basic project layout for the most effective use of 
topographic and geologic conditions. 


2. Sufficient design flexibility to permit modifications required by changes 
in foundation conditions or material properties which might occur as 
construction progressed. 


3. Fullest possible utilization of readily available construction materials. 


4. Complete analyses of the main embankment for stability and expected 
settlement. 


Project Arrangement 


Arrangement of the project features was governed primarily by the topo- 
graphic prominence of the rock nose which forms the left abutment, and by 
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the soundness of the rock in the right abutment. The rock nose provided an | 
ideal location for a spillway, while the massive rock forming the right abut- . 
ment was well suited for boring of the power and diversion tunnels. 

Normally, the economic limit of excavation of project features is much : 
less at other projects than at the Brownlee site. In this instance, excavated li 
rock was usable in the fill; therefore, excavation was limited only by the 8 
amount required for the fill. This allowed considerable freedom in selecting 
locations and alignments for the project features. An outstanding example was ae 
the location of the power intake structure and the powerhouse. The selected ‘a’ 
location resulted in a cut over 450 feet deep on the intake side, and 420 feet 
deep on the powerhouse side of the ridge formed by the excavation. If the rock 
had not been required in the dam, cuts of this depth would not have been eco- 
nomically feasible. The only additional cost resulting from such arrangement 
was the provision of drains and grouting to stabilize the slopes of the ridge. A 
reduction in length of the power tunnels effected a considerable economy by 
reducing penstock and tunnel costs and eliminating the necessity for costly 
surge tanks. 

Actual location of the dam was also influenced by the presence of Dike No. 
4, which was considered suitable for treatment as a cutoff under the impervi- 
ous core. The impervious core trench was located to follow this dike for as 
great a distance as possible. 

Utilizing the rock nose on the left abutment required particular care in 
aligning the core for satisfactory abutment contact. To satisfy basic design 
requirements, the abutment slopes had to be free from sharp breaks or over- 
hangs. The contact area of the sloping core was arranged to be normal to the 
core zone in a horizontal plane and to have as a flat a slope as economically 
feasible. In addition, it was not allowed to wrap around the nose. Careful 
studies and a model at the site were made to determine the abutment trimming 
which would satisfy these requirements with a minimum amount of excavation. 


Flexibility 


Providing flexibility of design was necessary to meet conditions arising 
during construction. The results of foundation explorations and material in- 
vestigations indicated that either an inclined core or a vertical core would be 
suitable. The inclined core was selected because this type of arrangement 
provided flexibility in scheduling the dam construction. The major portion of 
the dam, the downstream rockfill, could be placed as soon as the rock from = 
required excavation became available without stockpiling or delaying the con- 1 
struction of other features. Using an inclined core would also permit the , 
placement of main rockfill ahead of the time-consuming construction of the ca 
core and filter zones which had to be scheduled according to the diversion 
program. 

The embankment design should also allow the different sizes of rock to be i 
placed at the appropriate portions of the embankment, with larger rock dumped re 
near the outside faces and smaller rock near the core area. If necessary, the _* 
small rock could be placed with compaction in the central portion of the dam. 

The extent of the filter zones below the riverbed was decided upon after 
completion of the core trench excavation, thus achieving the maximum 
economy of filter material. 
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Utilizing Available Material 


Almost any excavated rock from the thick basalt beds at the site would 
have resulted in satisfactory material for the rockfill portion of the embank- 
ment. The selection of zone thicknesses, slopes, and method of placement 
was based on the estimated gradation and yield from the various excavations. 
The three portions of the embankment designed to utilize the rock material 
were: downstream toe, downstream rockfill and upstream rockfill. 

Although hydraulic model tests indicated that no apparent downstream ero- 
sion would occur, the fact that about 100 feet of natural river-deposited 
material underlies the rockfill embankment was considered to be sufficient 
cause, to provide special toe protection. To accomplish this, a toe trench, 
excavated to bedrock and backfilled with selected large rock, was designed. 
The rock zone in the toe was to have a minimum section 172 feet thick, with 
a 20-foot filter blanket against the riverbed overburden. 

The downstream rockfill was designed for two types of construction: one 
compacted rockfill, and the other dumped rockfill. The compacted rockfill 
design utilizes the smaller rocks obtained from excavation. The dumped 
rockfill utilizing the larger rocks, was designed with an average downstream 
slope of 1.4 horizontal to 1 vertical, the flattest slope obtained during field 
test investigations. 

The upstream rockfill has an average upstream slope of 2 on 1 above 
Elevation 1990 feet, and 3 on 1 below. A wide berm below Elevation 1870 was 
constructed in front of the dam with material excavated from the core trench 
and with waste material from other excavations. This berm has a dual pur- 
pose: to serve as a cofferdam, and to stabilize the foundation upon which the 
upstream rockfill is resting. To avoid re-dressing costs, the upstream 
rockfill was built on natural slopes with intermediate berms every 30 feet. 

In general, filter zone thicknesses, due to the high cost of processing the 
materials, were designed to be as thin as possible while still functioning 
properly. The minimum practical thicknesses, however, were often limited 
by construction placement methods. 

Filter zones, classified as small rock filter, coarse filter, and fine filter 
were placed on both downstream and upstream sides of the core. The 
materials vary in size from 10 inches to 200 mesh, with smooth transition of 
gradation from rockfill to the impervious core. The downstream small rock 
rock filter zone extends from overburden to top of the dam, and was designed 
to have a minimum thickness of 15 feet. The coarse filter zone on the down- 
stream side, designed to be 17 feet thick, was terminated at the junction with 
the overburden since the natural river material from that elevation down to 
bedrock was considered to be an equivalent substitute. The downstream fine 
filter zone extends from bedrock to top of the dam and has a five-foot thick- 
ness, except at the abutments where the thickness was increased to 10 feet. 

The upstream small rock filter zone was designed to be nine feet thick and 
to cover the upstream coarse filter down to the elevation of the natural over- 
burden material. The corase filter zone has a minimum thickness of 13 feet 
on the upstream side and extends down to bedrock, although the portion below 
the fine filter is considered only to be a buffer zone for the core material. 
The fine filter zone was designed to be five feet thick across the entire 
width, extending down to Elevation 1870 feet. 

The impervious core, which extends from bedrock to the top of the dam, 
was designed with a downstream slope of 1.37 on 1, and an upstream slope of 
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1.5 on 1 above Elevation 1800 feet, and 1.8 on 1 below. The width of the con- 
tact surface between the impervious core and bedrock at Elevation 1690 feet 

is about 100 feet, which is considered to be conservatively sufficient to safely 
withstand the 387 feet of head. The width of the core at Elevation 2076.9 feet, BF 
the control elevation of the core, is 20.8 feet, and the thickness normal to the “se 
average slope at the same elevation is approximately 12 feet. The maximum 


amount of seepage through the core is expected to be less than one cubic foot 
per second. 


Stability Analysis and Settlement 


Stability analyses of the main dam embankment were made for both the 
upstream and downstream slopes. Potential failure plane on the upstream 
side of the embankment was considered to be along the impervious core, 
which is the normal assumption for an inclined core rockfill dam. Using the 
slideblock method, the analysis showed a minimum factor of safety of 1.38 
for the most critical condition, which would occur during initial filling, when 
the reservoir water surface reaches Elevation 1930 feet. 

There is normally little doubt about the stability of the downstream slope 
of a rockfill dam of ordinary height built on sound rock foundation. At 
Brownlee, however, due to the overburden, the stability of the downstream 
slope was analyzed along Elevation 1750 feet, the contact surface between the 
overburden material and the rockfill. With an internal friction angle of 28 
degrees, the minimum factor of safety was found to be 1.53 for the critical 
condition, which was with the tailwater at Elevation 1827 feet. 

The dam is slightly curved in an upstream direction on a 4505-foot radius. 
The maximum offset from the base line is 55 feet. Settlement will occur both 
downward and in a downstream direction. Due to the curve and the valley 
cross section, the impervious core upon settling will be squeezed, thus 
eliminating the possibility of cracks due to stretching. 

Based upon past experience, a well-constructed rockfill dam could be ex- 
pected to have a vertical settlement of less than one percent of its height. 
However, for appearance as well as for settlement, a maximum camber of 
seven feet was provided. 

There is relatively little information in engineering literature about the 
settlement of rockfill dams, particularly those built on deep overburden. 
Previous settlement measurements have indicated that in the process of 
settling, some of the large rocks in the rockfill section have a tendency to 
rotate and thus cast doubt on the validity of the measurements. Monuments 
have been set in the Brownlee embankment to measure this rotation as well 
as the normal settlement of rockfill and core. 


Construction 


Careful consideration of equipment, time, and personnel, and a thorough 


economic analysis of the work processes involved, resulted in establishment 
of the following construction schedule: 


November, 1955 to September, 1956 
Mobilize 

Build Access Road and Bridges 
Excavate Powerhouse and Diversion Tunnel Headings 
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Drive Diversion Tunnel 
Commence Rockfill 


October, 1956 to February, 1957 


Close Cofferdams and Divert River 
Excavate Foundation Core Trench and Toe Trench 
Grout Foundation 
a Construct Core and Filter Zones to Elevation 1800+ Feet 
Construct Downstream Rockfill to Elevation 1810+ Feet in the 
River Channel Portion 
Start Abutment Rockfill Placement 


March, 1957 to June, 1957 


Divert Over the Partially Completed Dam 
Continue Placing of Rockfill from Both Abutments as Excavated 
Material Becomes Available 


July, 1957 to February, 1958 


Perform Necessary Clean-Up of the Embankment 
Raise the Core and Fill to Where the Flood Will Pass Through 
Diversion Tunnel and Outlets 


March, 1958 to June, 1958 


Complete Embankment. 


Wet Season of 1956 


After mobilizing the necessary equipment, work progressed concurrently 
on several phases of construction. A bridge across the Snake River and ac- 
cess roads interconnecting the project features were rapidly completed. One 
of the roads connected the two portals of the diversion tunnel to allow use of 
one truck-mounted jumbo for drilling both tunnel headings. 

The 2500 feet of 38 by 42-foot modified horseshoe section diversion tunnel 
was holed through in three months. Rock proved to be very good and only 300 
feet of the tunnel required supports. 

Rock from excavation for the powerhouse and muck from tunnel drilling 
was used to construct a section of the upstream berm of the embankment part 
way across the river. This preliminary embankment forced the river to flow 
on the Oregon side, where the water scoured out objectionable materials in 
_* the embankment foundation area. 


Dry Season of 1956 


he When closure of the upstream cofferdam was completed and water diverted 
e through the tunnel, the foundation area was unwatered and excavation of the 

i core and toe trenches commenced on a 24-hour a day schedule. Unwatering 
o was accomplished by two 20,000 gpm pumps, each installed in a pipe frame 
which could be picked up by a dragline and relocated as the excavation pro- 
ceeded. Nearly 400,000 cubic yards of core trench excavation in the river 
channel were completed in less than three months. Equipment used to accom- 
plish this excavation feat included two shovels of 3 and 3-1/2-cubic yard 
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capacity, one 2-1/2-cubic yard dragline, one 5-1/2-yard Manitowoc dragline, 
and Euclids of 17-cubic yard capacity. 

Foundation drilling and grouting was also accomplished in the same three- 
month period. The operations followed immediately after excavation of the 
core trench and proceeded from both abutments toward mid-river. Two sys- 
tems of foundation grouting were used. One was a blanket grouting over the 
entire core trench area, and the other was a cutoff grout curtain. 

The area grouting consisted of drilling holes on 10-foot centers a minimum 
of 10 feet deep. These holes were grouted under pressure of about 20 psi 
minimum. The grout “take” was very small in holes in the core trench area 
on the right portion of the river channel. Except near Dike No. 4, where a 
few holes took 12 to 34 cubic feet and one hole took 272 cubic feet, the amount 
of “take” was approximately that required to fill the drill holes. In the left 
portion of the river channel, the presence of seams and cracks in the founda- 
tion rock resulted in greater “take,” varying from a few cubic feet to a maxi- 
mum of 254 cubic feet in one hole with some loss to surface leaks. 

Cutoff grout curtain holes were drilled to a depth of 75 feet on 20-foot 
centers with intermediate holes drilled to 150 feet. These holes were grouted 
under pressures up to a maximum of 300 psi. When the “take” was high, ad- 
ditional holes were drilled at 5 or 10-foot centers between the original holes. 
As in the area grouting, the right portion of the foundation took less grout 
than the left. The maximum “take” was 324.5 cubic feet in one 75-foot hole. 
A total of 58,961 linear feet of grout holes were drilled and grouted in the 
core trench with an average “take” of about 0.62 sacks of cement per linear 
foot of hole. 

Core excavation revealed a fault near the center of the river channel. At 
the upstream end, the fault was 8 to 12 feet wide and filled with sand, gravel, 
and large boulders. The fault opening tapered to the thickness of a seam both 
in depth and in a downstream direction. Based on the grouting record, it was 
found that the fault was very tight. 

While the foundation treatment was in progress, the borrow areas for im- 
pervious and filter materials were being prepared. One D-8 bulldozer was 
used to strip from two to five feet of soil overburden which was unsuitable 
for use in the core. Impervious clay core material was excavated from the 
borrow area by a 2-1/2-cubic yard shovel and loaded on bottom-dump 
Euclids. One shovel was able to efficiently supply loads to 15 Euclids of 17- 
cubic yard capacity. Round trip from borrow area to core area and back re- 
quired about 45 to 60 minutes per truck. Shovel production varied from 100 
to 150 cubic yards per actual working hour, but the average production per 
shift-hour, including moving, repair and idle time, ranged from 80 to 90 per- 
cent efficiency. 

For the fine filter material, the main equipment used was the blending 
plant consisting of a 24"' belt conveyor fed by bulldozers with fine river 
sand and pit-run filter material in a 30 - 70% proportion. A 1-1/2"'' screen 
separated the blended filter from the coarse material and the products were 
conveyed by belts to stock piles. 

Immediately after foundation grouting in the core area was completed, 
placement of the clay core commenced. Artesian water entering the trench 
was encountered in lesser quantities than previously predicted since some of 
it was intercepted by the diversion tunnel, and some was deterred by specially 
drilled and grouted holes near the left abutment. However, since it was im- 
possible to stop all the seepage to enable placement of the clay core on dry 
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rock in the deepest portion of the core trench, which was the river fault area 
previously mentioned, a pile of clean gravels was used to fill the low spot 
with two 24-inch pipes, 8 to 10 feet long, embedded vertically. The gravel 
was capped with a concrete slab, and clay core material placed on top while 
seepage water was pumped through the 24-inch pipes. When the core reached 
a sufficient height, the gravel was grouted with cement through one of the 
pipes, forcing the water out through the other. 

The impervious core was placed under rigid control, especially near the 
bedrock strata where it will be subjected to the highest water pressures. The 
“in-place” core material had a moisture content slightly higher than optimum. 
Tests of the material indicated a permeability less than 10 feet per year, and 
plasticity index higher than 10. 

Initial compaction of the core against the rock foundation was effected by 
pneumatic hand tampers. When the working area became large enough, 
sheepsfoot rollers with specially designed wedge-shaped feet were used to 
compact the impervious material in about 6-inch layers. Usually, 12 to 16 
passes were required to obtain the specified 90% modified AASHO optimum 
density. 

The severe cold weather during the period might have caused progress to 
fall behind the tight construction schedule except for the fact that heat loss in 
the core material was small during hauling and placing operations. After 
hauling, spreading, and rolling the material, ice did not form in the com- 
pleted layer, provided that the succeeding layer was immediately spread. 


A typical temperature record in degrees Fahrenheit of one of the coldest 
days was reported as follows: 


Air temperature 

Clay temperature as hauled to the embankment 
Temperature at surface of the compacted fill 
Temperature at one-inch depth 

Temperature at two inches depth 

Temperature at three inches depth 


If the operation was suspended too long, however, formation of needle ice 
in the clay could be observed. Therefore, clay chunks of suspicious nature 
were removed by hand when they could not readily be broken with a hand 
shovel. 

More than 100,000 cubic yards of impervious material were placed in the 
core trench in less than two months. Progress on the core placement was 
stopped by the spring floods with the top at Elevation 1800 feet. The maxi- 
mum daily placement progress (three shifts) amounted to more than 3,000 
cubic yards of compacted impervious fill. (See Photograph 1) 

Coarse filter materials were end or bottom-dumped, and fine filter 
materials were end-dumped against the coarse filters or the impervious 
core. The filfers were compacted in the same operation, which resulted in a 
smooth transition from fine to coarse zones. Satisfactory compaction re- 
quired at least four passes of the Euclids loaded with 17 cubic yards of 
material. 

The toe trench was excavated to bedrock, and then backfilled with large 
rocks of which 50 percent were one-half cubic yard or larger in size. 

Large selected rock, weighing one-half ton and over, will also be used to 
form a protective layer on the face of the upstream rockfill section. 


2 
“a 
a 
aes 
4 
10 
45 
1 
3 
32 
33 
34 
4 
a 


PUD 404/15 
puo 0209 snoiAsedwi Buimoys woesssumop 


NOILONYLSNOD ONIUNG WYG 


August, 1958 


734-20 PO4 


ASCE ROCKFILL DAMS 1734-21 
Wet Season of 1957 


When the construction schedule was being formulated, one of the major 
considerations was river diversion. At the damsite, the low water season ae 
usually starts in late June or early July and lasts five to eight months. Dur- a 
ing this season, the flow varies from 8,000 to 20,000 cfs, and seldom exceeds 
24,000 cfs. The first floods start as early as December, with normal high 
flood flows usually occurring in April or June with peak discharges from ¥ 
50,000 to 70,000 cfs. ce 

Computations disclosed that one 38-foot unlined horseshoe tunnel could 
pass the low water season flows, but two tunnels would be required to carry 
the high water season flows. Careful studies indicated that with a relatively 
small risk, diversion could be accomplished by constructing only one tunnel 
and allowing flood waters in excess of the capacity of the tunnel to flow over 
the partially completed fill. For the protection of the core area, it was 
planned to cover the core and filter areas with two to three feet of pit-run 
coarse filter materials and top with seven to eight feet of rockfill. 

On February 24, 1957, however, intense rainfall on the barren hills im- 
mediately upstream from the site caused a flood peak to occur at the site very 
suddenly. All available men in camp were summoned to help move equipment 
out of danger in case the river overtopped the upstream cofferdam. 

Before water reached the top of the upstream cofferdam, which was at 
Elevation 1835 feet, the road from the damsite to Robinette was seriously en- 
dangered by rising water. To save this road, the cofferdam was opened and 
water allowed to overflow the fill before the intended protection could be pro- 
vided for the core. (Photograph 3) At the time of overtopping, the downstream 
rockfill was at Elevation 1850+ feet near the abutments, and at Elevation 1809+ 
feet for a width of about 250 feet in the central portion. The impervious core 
and filter zones in the core trench were approximately at Elevation 1800+ feet. 

The flood reached a peak of 70,000 cfs and an estimated 40,000 to 50,000 cfs 
flowed over the fill. There was approximately 20 feet of drop in the water 
surface in the 2,000-foot distance between cofferdams. 

Following this first peak, the normal flood season set in and lasted about 
four months. During that time, the river flow ranged from 30,000 to 70,000 


cubic feet per second, with the later flow occurring a second time on May 23, 
1957. 


Dry Season of 1957 


By the middle of June, the river flow had receded to 20,000 cfs and the up- 
stream cofferdam was again closed. Clean-up and inspection of the core zone, 
which began immediately after closure, revealed that the diversion scheme 
had been sound. 

There was no apparent loss of rock in the main rockfill zones. The core 
area, which had been purposely kept lower than the rock area, was almost 
completely filled with mud and rocks to the elevation of the rockfill. Most of 
the material deposited in the core area apparently came from the upstream 
cofferdam. 

Removal of this deposited material revealed that the original compacted 
impervious core had not been appreciably disturbed by the river waters. To 
ascertain if any internal change had occurred, a test pit five feet deep was 
excavated. Material removed from this pit showed no change in moisture 
content below the top few inches. Even in the top few inches, the increase 
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was surprisingly slight. Only an insignificant amount of original core had to 
be removed before construction could be resumed. Diversion over the par- 
tially completed rockfill dam was considered to be a complete success. 

Although the major portion of the rock in the embankment was placed dur- 
ing the 1957 dry season, placement actually proceeded throughout the entire 
construction period. Care was taken to meet the construction schedule and 
still maintain a balance between rock excavation and fill. Thus construction 
proceeded with no appreciable delays or stockpiling of rock. This record 
was maintained not only for the dry season of 1957, but for the entire con- 
struction period. 

Along the right abutment, the first lift of rock was dumped at about Eleva- 
tion 1900 feet. Embankment proceeded simultaneously toward the down- 
stream toe and mid-river. As the trucks end-dumped their loads over the 
edge of the embankment, a monitor mounted on the outer end of a skid which 
stuck out over the edge of the embankment sluiced the rock down the slope 
using a 2-3/4 inch nozzle and water pressure ranging from 75 to 100 pounds 
per square inch. The monitor supplied about four times as much water by 
volume as the rock being sluiced. 

On the Oregon side, rock placement began on the gravel bar away from the 
left abutment. Placement reached an elevation of 1850 feet and then pro- 
gressed toward the abutment. By this means, a good contact was made be- 
tween the sluiced rock and the steep abutment slopes. When the spillway 
excavation reached top production, another lift was started from this abut- 
ment at Elevation 1900 feet, and then a final lift at Elevation 2050 feet. Rock 
placement proceeded from both abutments, at equal elevations, gradually 
closing the gap between the slopes in the middle. 

The amount of smaller-sized rock obtained from the spillway excavation 
was larger than had been expected. The excess 6-inch and smaller rocks 
were placed and compacted in the center portion of the dam. Analysis of the 
compacted small rocks indicated that stability of the fill was not impaired. In 
addition, the amount of settlement is expected to be no greater than in the 
sluiced rock portion. The small rocks were similar to the small-rock filter 
zone material and were placed and compacted in the same manner; that is, in 
18-inch layers compacted by not less than three passes of 50-ton pneumatic 
rollers. After each lift was compacted, the surface was sluiced. All of the 
small rock was covered with not less than 40 feet of large sluiced rock at the 
downstream face of the dam. 

Placement of the downstream rockfill progressed far ahead of core and 
upstream rockfill placement. (See Photograph 2) 

Excavated rock which was considered unsuitable for use in the downstream 
rockfill because of small size or too high a percentage of fines, was placed in 
a portion of upstream rockfill zone. This area which was designed for use of 
this material did not require all the material and the remainder was placed 


in the upstream berm. The large rock portion of the upstream rockfill was 
sluiced in place by monitors. 


Rockfill Production 


During the peak rockfill operations, 6 monitors and 48 Euclids were in use. 

Maximum production was about 30,000 yards in two 9-hour shifts. 
Practically all rockfill material was obtained from excavation for other 

features. Prior to June 1957, there was limited space for placement of the 
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excavated rock in the dam. Total volume placed to that date was about 
2,300,000 cubic yards, of which 800,000 cubic yards were from powerhouse 
and tailrace excavations, 700,000 from power intake, and 800,000 cubic yards 
from spillway. After clean-up from river immersion was accomplished, 
construction of both the core and rockfill proceeded at top speed. 
The major embankment quantities placed, in cubic yards, were as follows: 

Upstream cofferdam 150,000 

Downstream cofferdam 150,000 

Upstream rockfill 1,582,000 

Downstream rockfill 3,976,000 

Filter zones 468,000 

Impervious core 449,000 


Upstream berm to El. 1870 feet 706,000 
Total Fill 7,481,000 


Rock excavation was accomplished with drills of the percussion type and 
bit sizes varying from 2-1/2 inches to 4 inches. Lifts varied from 15 to 25 
feet with holes from 5 feet to 10 feet apart on centers. The production aver- 


ages were as follows: 
Drilling Powder Rate 
Powerhouse 0.72 L.F./cy 0.48 lb/cy 
Power Intake 0.70 L.F./cy 0.61 lb/cy 
Spillway 0.66 L.F./cy 0.55 lb/cy 
The amount of rock excavation in cubic yards obtained from required ex- 

cavation was as follows: 
Powerhouse 477,000 
Tailrace 440,000 
‘Spillway 1,690,000 
Power Intake 1,400,000 
Core Trench 377,000 
Toe Trench 403,000 
Diversion Tunnel 156,000 
Diversion Inlet Channel 143,000 
Diversion Outlet Channel 183,000 


Total Excavation 5,269,000 
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CONCLUSION 


1. Brownlee Rockfill Dam will be completed in July 1958. Unit cost for 
rock placed in the dam is estimated to be about half the cost for similar con- 
struction 10 to 15 years ago. Improvements in earth-and-rock-hauling equip- 
ment in recent years, combined with modern construction methods, have 
made rockfill-type dams much more competitive with other types. 


2. The large quantities of rock required in the embankment made the heavy 
excavation at other features of the project feasible and resulted in substantial 
savings of the individual feature costs. Careful site adaption, arrangement of 
the project and scheduling of operations were required to achieve the overall 
project economy. 


3. Rockfill dams may be safely supported on consolidated riverbed 
materials of sand, gravel, and boulders provided foundation explorations have 
been performed to ascertain that there are no extensive silt of fine sand 
layers. Careful analysis of rockfill embankments should be made to satisfy 
the stability requirement. 


4. When normal rock excavations provide a considerable quantity of small 
rocks, economics can be effected without loss of structural strength by placing 
them in the center of the embankment with sufficient compaction. 


5. Passing flood water over a partially completed rockfill dam is entirely 
feasible. Before adopting such a diversion scheme, detailed hydraulic analyses 


should be prepared to determine probable flow characteristics over the em- 
bankment. 
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ROCKFILL DAMS: KAJAKAI CENTRAL CORE DAM, AFGHANISTAN* 


Glenn F. Sudman, | M. ASCE 
(Proc. Paper 1735) 


FOREWORD 


This paper is one of a group from the ASCE Symposium on Rockfill Dams, 
June 1958, at Portland, Oregon. 

For purposes of this Symposium, a rockfill dam is considered to be one 
that relies on dumped rock as a major structural element. Included are rock- 
fill dams of the types with impervious face membranes, sloping earth cores, 
thin central cores, and thick central cores. 

The objective of the Symposium is to assemble experience data on the high- 
er rockfill dams of al! types along with discussion by engineers engaged on 
rockfill dam projects. It is hoped that this Symposium will contribute toward 
improved, more economic and higher rockfill dams of all types. 


SYNOPSIS 


This paper describes the design and construction of the rockfill dam 
embankment portion of Kajakai Project. This dam, in Central Afghanistan, 
was economically constructed despite its geographic isolation. The feat 
required maximum use of locally obtainable materials and complete training 
of a native work force. 


Note: Discussion open until January 1, 1959. Separate discussions should be submitted 
for the individual papers in this symposium. To extend the closing date one month, 
a written request must be filed with the Executive Secretary, ASCE. Paper 1735 
is part of the copyrighted Journal of the Power Division, Proceedings of the American 
Society of Civil Engineers, Vol. 84, No. PO 4, August, 1958. 

a. Presented at Meeting of ASCE, Portland, Ore., June 1958. 

1, Firm Member, Goodenough, Sudman and Overholser, Sacramento, Calif.; 


Formerly Chf. Design Engr., International Eng. Co., Inc., San Francisco, 
Calif. 
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INTRODUCTION 


The Royal Government of Afghanistan has initiated an improvement pro- 
gram for revitalizing an area which, in past history, was referred to as the 
“Garden Spot” of Asia. This area, which in modern times is called “Helmand 
River Basin”, occupies approximately 107,000 square miles of Southern 
Afghanistan. The major lifeline of the basin is the Helmand River. As shown 
on Figure 1, the river flows in a 600-mile circuitous path from the Hindu 
Khush spur of the Himalaya mountains to the Seistan Sink on the Iranian 
border. 

The precipitous, barren slopes of the upper basin, combined with a 
climate predominated by winter rainfall and dry hot summers, have resulted 
in extreme annual variations of river flow. The fertile valley lands have been 
subjected to alternate periods of drought and flooding. In order to alleviate 
this serious condition, the combined forces of International Engineering 
Company, Inc. and Morrison-Knudsen Afghanistan, Inc. were commissioned to 
design and construct a dam and reservoir for control and development of the 
Helmand River. 

Recennaissance of the river revealed the best damsite was near the village 
of Kajakai, about 75 air miles northwest of Kandahar. At this site, the ancient 
Helmand River had cut through beds of limestone to form a short, steep- walled 
gorge. Upstream from the gorge, the river valley widens and is encompass- 
ed by low rolling hills. The natural topography thus provided an excellent site 
where a considerable volume of reservoir storage could be economically 
developed. 

Preliminary investigations of streamflow data, irrigation demands, down- 
stream flow requirements, and power development potentialities resulted in 
the selection of a multi-purpose project. Through economic analyses led 
to the decision that the most feasible project development would be attained 
by construction in two stages. 

The first stage, as shown on Figure 2, included a main embankment, side 
saddle spillway, and two diversion tunnels. Various combinations of dam 
and spillway arrangements were studied. These resulted in the selection of a 
dam as shown on Figure 3, with top at Elevation 1050 meters. The spillway 
crest was set at Elevation 1033.5 meters. Spillway discharges were uncon- 
trolled. Reservoir capacity to the top of the spillway crest would then be 
approximately 1,470,000 acre-feet. This amount was considered adequate for 
water requirements, mostly irrigation, under the present scope of land develop- 
ment. 

After diversion use, one of the tunnels would be fitted for irrigation 
releases. The other tunnel would be plugged until power requirements justi- 
fied its further development. 

The second stage can be constructed when irrigation demands increase 
to where more water is required, or when a market for power develops. This 
stage will consist primarily of the installation of gates in the spillway channel 
and construction of the remaining power facilities. Allowing five meters of 
freeboard on the dam crest would set the top of the gates at Elevation 1045 
meters, and would provide an additional 830,000 acre-feet of storage, making 
the total reservoir capacity approximately 2,300,000 acre-feet. This amount 
would be adequate for irrigating almost 500,000 acres, an area slightly greater 
than any land development project contemplated in the foreseeable future. In 
addition, irrigation releases and the developed head would provide energy for 
a potential firm power load of 60,000 kilowatts. Selection of the actual type and 


size of generating units has been deferred until the need for power is 
ectablished. 
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Investigations 


Geological examination of the damsite and reservoir area was conducted 
during the summer of 1950. In general, rock at the site was found to be 
massive dolomitic limestone. Beddings consist of thick layers of limestone 
near river level, becoming thinner with a few cherty members and occasional 
shale interbeds near the tops of the abutments. The beds dip generally about 
6 to 8 degrees toward the northwest. Several faults were visible but were 
not considered serious. 

Extensive jointing of the rock was visible at the abutments. Joints were 
in two directions intersecting each other at right angles, with the pattern 
forming oblique angles to the axis of the dam. The joints varied from close 
to open and were more or less filled with clay. Surface caverns were dis- 
closed on some of the principal joints. 

Foundation borings consisted of 23 drill holes in the river channel and 
one horizontal hole in the left abutment. Overburden in the river channel 
consisted of about 30 feet of sand, gravel, and boulders overlying sound lime- 
stone bedrock. The hole in the left abutment near the axis of the dam was 
driven 210 feet and revealed no apparent change in structure of the bedrock. 

Investigations of potential construction materials were conducted near 
the site during 1948 and 1949, and were supplemented by laboratory tests 
made in the United States. Test pits were dug at about 100- meter intervals 
in three areas. Mechanical analyses and compaction tests were performed on 
materials from these test pits. 

Ample quantities of materials suitable for the construction of a rockfill 
dam were found in two borrow-pit areas located from one to two kilometers 
from the dam, one upstream and the other downstream from the gorge. 


Design 


Discussion of design of the features completed under the first stage of 
construction is limited in this paper to the main dam embankment. The other 
features of the dam are discussed only as they effect design or construction 
of the main embankment. 


Selection of Type of Dam 


A rockfill type of dam was selected for development of the Kajakai site. 
Design of rockfill embankment was predicated on the efficient use of econom- 
ically available construction materials and equipment. Preliminary investi- 
gations had shown that an adequate supply of suitable impervious and pervious 
materials were available nearby. The limestone rock from required excava- 
tions was found to be entirely suitable for incorporation in the dam embank- 
ment. In addition, construction plant and personnel were available in this 
remote country, having been assembled for movement of earth and rock on 
a large scale for other projects in the Helmand Valley. 

Conversely, cement and concrete plant equipment and personnel would 
have to be imported. Supply lines to Afghanistan are complicated routes 
and require several re-handlings of all materials. Each link of the supply 
line is subject to interruptions, which in turn interrupt construction schedules 
dependent upon outside supplies. The long line and interruptions result in 


high construction cost of any structure requiring large amounts of imported 
bulk items such as cement. 
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Diversion 


The diversion scheme was based on construction of a low embankment 
upstream from the dam, of sufficient height to divert low water flow through 
one of the two diversion tunnels. During the eight-month period before high 
runoff could be expected, the downstream portion of the rockfill section was 
to be raised to Elevation 985 meters. At the start of the high water season, 
both tunnels will be available for diversion. Water at Elevation 985 meters 
would provide enough head to pass the maximum diversion design flood of 
70,000 cfs through the tunnels. Two 32-foot diameter concrete-lined 
horseshoe-shaped tunnels would have the required capacity and would provide 
flexibility of use during construction. This was especially true for completion 
of the work within the separate bores and for adaptability to final water use. 

If the diversion design flood was exceeded, minor overtopping of the 
downstream rockfill section could occur without damage, as a protective coat- 
ing of heavy rock was specified. In addition, the embankment upstream of 
this rockfill was to follow at a lower level to obtain smaller velocities over 
the portion of the dam having finer grained materials. This was in agreement 
with construction schedules as the time required for foundation clean-up and 
grouting in the impervious area precluded placement of a large amount of 
material during the first eight- month period. 

The target estimate type of contract permitted final designs to be easily 
and quickly adjusted as conditions were disclosed during construction. The 
jointed condition of the rock had led to the conclusion in the original design 
that the tunnels would require lining throughout. After the tunnels were 
started, it became apparent that the rock was much better than anticipated. 
Consequently, the design was immediately modified to eliminate the lining 
without the delay frequently occasioned by contract re-negotiations. 

The nominal unlined tunnel size was changed to 34 feet. At the same 
time, review of construction operation schedules revealed that the top of the 
downstream rockfill could be constructed to Elevation 990 meters. The 
diversion capacity resulting from these modifications was computed to be 
63,000 cfs. 


Spillway 


The spillway arrangement was based on: advantageous use of the 
topography to avoid paving of the spillway outlet channel, and to balance the 
amount of spillway excavation as nearly as feasible with the amount required 
in the embankment. 

Rock in the selected outlet channel is adequate to withstand the erosive 
forces of water for many years. Some lining may be eventually required as 
a maintenance feature. The spillway outlet channel excavation terminates in 
a natural ravine leading to the river at a point about 300 meters downstream 
from the toe of the dam. 

Two hypothetical floods were used for spillway design. One flood with a 
peak of 318,000 cfs was to be routed through the reservoir without encroach- 
ing on the freeboard. The other flood with 50 percent greater magnitude was 
not to overtop the dam. 

The first-stage, ungated spillway has a capacity of 330,000 cfs anda 
usable surcharge of more than 1,000,000 acre-feet at normal freeboard level. 
A check review of hydrological information accumulated in the intervening 
period will be made to verify the accuracy of the design floods at the time the 
gates are added. 


= 
; 
ih 
: 
| 
i 
a. 
We q 
4 
¥ te 
Tks 
ey 
‘hg 


1735-8 PO 4 August, 1958 
Main Embankment 


The main embankment, as shown on Figure 3, has a crest length of 275 
meters and is approximately 100 meters high as measured from bedrock to 
top of dam. The total embankment volume is approximately 3,200,000 cubic 
meters. 

Complete removal of overburden material was required only in the imper- 
vious core area. In the remaining embankment area, removal of only unstable 
materials containing clay or silt was required. Naturally-deposited river sand 
and gravel, which was left in place, was to be scarified to a depth of six inches 
and re-compacted prior to placing the embankment. 

On the abutments, bedrock was exposed over much of the area. Conse- 
quently, treatment consisted of removal of overhangs, sloping of vertical 
faces and elimination of sudden changes in slope. This abutment sloping was 
required to provide a wedging action as the fill consolidated, and to eliminate 
the possibility of the fill “hanging up” and cracking at the abutment contact 
during the consolidation process. 

The zoning within the dam was predicated on the most efficient use of the 
available materials. Preliminary investigations had indicated that definite 
quantities of materials, varying from impervious to previous, were available. 
From the tunnel and spillway designs, estimates were made of the quantities 
of rock available from these excavations. An early decision was to keep the 
core and transition zones at a minimum thickness consistent with prevention 
of percolation through the dam and the efficient use of placing and compaction 
equipment. Several factors influenced this decision: relative availability of 
materials, cost- in-place of the fill, and the comparative lack of structural 
strength of these types of material. Further decisions limited the use of rock 
to that available from required excavation. Quarried rock would be more 
costly for an equivalent effect on dam stability than pervious materials from 
borrow pits. As the actual quantity of suitable rock available from required 
excavations would probably differ from the estimated amount, zoning limits 
between gravel and rock materials were made flexible. 

As finally designed, the dam consisted of: 

a. An impervious core of compacted material composed of a mixture of 
alluvial sand, silt, and clay. 
b. Zones of compacted transition material upstream and downstream of 

the impervious core. 

c. Pervious sections of compacted free-draining gravel upstream and 
downstream. 


d. Rockfill sections, upstream and downstream, comprising the outer shells 
of the dam. 


The embankment slopes were determined by stability analyses, using con- 
servative strength factors for the various materials. The factors of safety, 
as determined from these analyses, under all conditions of loading, exceeded 
the minimum values generally considered permissible. 


Embankment Materials 


Specifications 


Specifications for field control were issued to ensure that the minimum 
requirements utilized in the stability analysis were satisfied. 
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PHOTOGRAPH NO. 4 KAJAKA! DAM EXCAVATION OF GORE 


TRENCH, START OF IMPERVIOUS CORE FILL, AND STRIPPED 
LEFT ABUTMENT 
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The impervious material was specified to be a well-graded mixture of 
sand, gravel, clay, and silt possessing low to medium plasticity with not more 
than 40 percent gravel and no stones larger than 4 inches in diameter. The 
permeability after compaction was not to exceed 1.0 x 10°4 centimeters per 
second (103.5 feet per year). Minimum shear strengths, as determined from 
triaxial shear tests of saturated, unconsolidated, undrained representative 
samples, were stipulated to be equivalent to an angle of internal friction of 
17 degrees and an apparent cohesion of 1.5 kilograms per square centimeter. 
Compaction was to be 98 percent of standard density (ASTM Test D-698), 
with a moisture content of between two and four percent on the dry side of 
optimum. 

Grading of the transition zones from impervious on the inside to pervious 
on the outside, with shear strength equal to or greater than the impervious 
zones, was specified. Special selection of material was required for a 
20-meter width adjacent to each abutment, which was to be highly impervious, 
and for a layer of free-draining, highly pervious material overlying the foun- 
dation in the downstream portion of the dam. 

The gravel zone material was specified to be free-draining with a perme- 
ability after compaction of not less than 400 x 1074 centimeters per second 
(41,413 feet per year). Compaction was required to a dry density of 95 percent 
of the maximum dry density obtained in a laboratory test. An angle of inter- 
nal friction of 34 degrees was specified to agree with the value utilized in 
design. 

The rockfill was to consist of sound limestone obtained from excavations, 
sluiced into place with the volume of water twice the volume of rock. Special 
selection of large, more resistant rock was required on the downstream face 
below Elevation 990 meters and on the upstream face between Elevation 1010 
meters and Elevation 1050 meters. Lifts were specified to be dumped in 
10- meter heights with outside slopes equal to the natural angle of repose. 
Berms of appropriate widths were to be provided at the top of each lift to give 
average slopes equal to the design slope. Variation in the slope of the contacts 
between gravel and rockfill zones was stipulated to suit the quantity of suitable 
rockfill material found available from the required excavations. 


Field Control 


No unusual problems were encountered in the placing and control of 
materials. The borrow pits were found to be characterized by a gradual 
transition from fine impervious silts to coarse river-run gravels, with no 
clearly defined lines of demarcation. Careful field control using permeability 
limits as a guide was exercised so that permeability in the transition zone 
between the impermeable core and the pervious gravel shell was increased 
gradually. Tests of the in-place materials showed that shear strengths great- 
ly exceeded minimum requirements. The relative ratio of permeabilities was 
also substantially higher than required. The moisture content of the materials 
in the borrow pit was very low. However, this was economically corrected by 
diking borrow areas and flooding them until the moisture content was satis- 
factory. Compaction to the specified densities was readily accomplished by 
sheepsfoot rollers and by pneumatic hand tampers. 

The advantage of providing flexibility in the design of the embankment 
was demonstrated during construction. The faulted zone in the spillway proved 
to be larger than anticipated, with the result that the amount of rock suitable 
for use in the embankment was less than originally estimated. As 
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of the dam of large gravel and cobbles in lieu of a portion of the exacavated 
rock was approved after re-examination of stability. 

A second example of flexibility was in the use of impervious materials 
from borrow areas. The placing of impervious material in the embankment 


was delayed by fault treatment in the core trench area. Because of the delay, 


the amount of materials used from the upstream borrow pit was less than 


originally scheduled. As a consequence, more extensive use of the downstream 


borrow area was required. This possibility had been recognized and the ex- 
istence of an adequate reserve had been determined beforehand. 


Foundation Treatment 


The pattern of intersecting joints, solution channels and faults crossing 
the site necessitated extensive and careful treatment to ensure that leakage 
through the rock would be minimized. A very careful study in the field, 
accompanied by surveys of the main open joints and water testing through 


drilled holes, resulted in the adoption of a final program consisting of three 
general operations. 


Shafts were excavated in the faulted areas for satisfactory cutoff and back- 


filled with concrete. Surface exposures of joints which would be subjected to 
water pressure were cleaned out and filled with gunite or concrete plugs. 
Holes were then drilled diagonally to intercept the greatest number of joints 
and then grouted. 

The joints in some places were found to be filled with clay which would 
tend to prevent the flow of grout, but which in time might be removed by flow 
of water. For this reason, it was felt that the sealing of surface exposures 
that might otherwise permit the upstream entry of water into the pattern of 
intersecting joints was of prime importance. Due to the directional pattern 
of the jointing system, special attention was directed to the left abutment 
where the treatment of surface exposures was continued for some distance 


upstream. The segments of the tunnels which would be subjected to reservoir 


pressure were similarly treated. In some locations on the left abutment and 
on the tunnel walls, the gunite seal blanketed extensive areas of exposed 
rock surface. Where grouting was performed in the vicinity of capped expo- 
sures, the surface treatment prevented the escape of grout except through 
vents left specifically for that purpose. 

The foundation excavation disclosed three nearly vertical faults cutting 
diagonally across the core; one in the right abutment, one near the toe of 
the right abutment, and the other near the middle of the river. 

The right abutment faults were filled with tight clay and gouge. These 
faults were four and six feet wide and were excavated to about 70 feet and 
backfilled with concrete. 

Treatment of the fault in the center of the river became a major opera- 
tion. The faulted zone was about 16 feet wide and filled with fractured but 
solid rock, interspersed with bands of dense calcite laminated with cement 
gouge and clay. The shaft, keyed into solid rock was located near the upper 
side of the core and had a length slightly greater than the width of the zone. 
Excavation of the shaft in this fault required blasting. However upon expo- 


sure after blasting, the clay slaked and shrank, loosening the walls causing 
cave-ins and rockfalis. 


August, 1958 
construction of the embankment proceeded, the substitution in the upper portion 
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The excavation of this shaft proceeded very slowly and proved to be a 
construction bottleneck. After the shaft reached a depth of 60 feet, work 
became very hazardous. The upper part was then plugged with concrete. An 
access opening was left through the plug to the underlying excavation. After 
completion of the excavation to a depth of 100 feet, the entire shaft was plug- 
ged with concrete. The total amount of concrete required was 1,800 cubic 
yards. A grout seal was made between the plug and the rock. 

In addition to the main shaft in the fault, the surface of the zone was 
cleaned out to a depth of five feet for its entire length across the core and back- 
filled with concrete. A second shaft at the downstream edge of the core zone 
was excavated to a depth of 15 feet and backfilled with concrete. 


Construction 


It might be expected that the construction of a major project such as 
Kajakai Dam in the historically isolated country of Afghanistan would prove 

to be unusually difficult. This however, was not the case, as the construc- 

tion was accomplished essentially as scheduled and with no unexpected prob- 

lems resulting from the isolated location. A construction organization had 

been operative in Afghanistan for about three years prior to the actual start 

on Kajakai Dam. In this period of time, established procedures had been 
developed for maintaining supplies of construction materials, equipment, and 
spare parts. These included well-planned requisition procedures employed 

by an efficient procurement organization, and a skilled traffic department. 

The only construction materials available locally were earth and rock, 
except for a small amount of poor grade lumber. Everything else had to be 
imported. Except for cement from Belgium, and fuel and lubricants from the 
Middle East, imports were from the United States. Food for the American 
personnel was imported except for meat, fresh vegetables, and fresh fruit in 
season. 

All imported material was received at the Port of Karachi, West Pakistan, 
where the Constructor maintained an organization to facilitate trans-shipment. 
The next step was by railroad to Chaman on the Pakistan- Afghanistan border. 
The supplies were then carried by truck to the main camp and service center 
at Kandahar over a 70-kilometer highway constructed as one of the first 
phases of development work in Afghanistan. From Kandahar to the damsite, 
truck transport was over a 170-kilometer road, a portion of which was built 
as part of the Kajakai Project. 

Storage aud service facilities at the site were comparable to what might 
be maintained at similar projects in the United States. Back-up facilities ‘ 
were provided at the main center in Kandahar, which had been developed as 
headquarters for most of the work in Afghanistan. 

The construction camp at Kajakai included housing and mess facilities, 
equal to living standards in the United States, for American and other foreign 
personnel. The buildings were generally of stone construction, which proved 
to be satisfactory for this locality. 

Facilities required by the native workmen were constructed by themselves 
in separate compounds. These people were issued rations of whole wheat 
and rice as well as other locally produced foods from which they prepared 
their own meals. 

Prior to and during the construction of Kajakai Dam, a large number of 
native workmen received training in the operation and maintenance of 
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construction equipment, and in other contruction skills. They proved very apt 
pupils and no difficulty was encountered in developing an adequate number of 
skilled workmen. 

The majority of the foreign personnel on this project were in administra- 
tive, technical, and supervisory categories. At the height of construction 
activity, the force at the jobsite consisted of 1850 native workmen and 69 
foreigners, of whom 54 were Americans. 

In May 1950, facing-off of the diversion tunnels was started. By 
August 1951, the low initial cofferdam fill was completed and low season flow 
diverted through one of the tunnels. At the end of September, the site had 
been unwatered, most of the overburden excavated in the core trench, the 
foundation treatment started, and some progress made on construction of the 
downstream rock section. 

Success of the diversion scheme required that the planned construction 
schedule placing rates be carefully followed during the first phase of the 
work. The construction operations proved to be well planned and adequate 
equipment was available to meet this schedule. No difficulty was encountered 
except for the delay occasioned by the excavation of the shaft in the fault 
zone under the core trench. This fortunately caused no interference with the 
most critical item, the placing of the downstream rockfill. After the extent 
of this fault zone treatment was determined and the effect on the construction 
schedule realized, a wall was constructed around the area to permit the 
embankment placing to proceed. 

Rock placement was concentrated on the downstream rockfill to ensure 
completion to Elevation 990 meters prior to the spring floods. This elevation 
was reached in March 1952, and flooding occurred at the end of the same 
month. The peak flow was 29,000 cfs and the water surface upstream from the 
fill reached a maximum elevation of 970 meters. 

The dam embankment was completed in late 1952, with an average month- 
ly placement of 390,000 cubic yards of material during the height of activity. 
Photographs 1 and 2 show the completed embankment, looking upstream and 
downstream, respectively. 


Performance 
Spillway 


Storage of water commenced immediately following substantial completion 
of construction. The reservoir was filled nearly to spillway crest the first 
season, even though continuous irrigation releases were made. Flow over the 
spillway occurred for the first time in 1954, with a peak flow of 24,000 cfs. 
Maximum spillway flow recorded to date was in 1957, when a peak of 
approximately 60,000 cfs occurred. Performance of the spillway during these 
flows has been entirely satisfactory. Overburden was left in the natural 
spillway channel downstream from the crest, and the expected erosion of 
this material has occurred with no detrimental effects. Discharge from the 
natural channel reenters the Helmand River downstream from the toe of the 
dam, nearly opposite the irrigation outlet works. The combined flow from the 
spillway channel and outlet works is shown on Photograph 3. As shown in 
the picture, waves formed by the combined flow are almost completely 
dissipated by the time they reach the toe of the dam. 
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Effectiveness of Seepage Control 


Effectiveness of the seepage control was noted by visual observation of 4 
the embankment. The fault treatment, grouting, and core compaction method wf 
have apparently been very successful. In addition to visual observation, piezo- a 
meters installed during the embankment construction have been read at fre- 
quent intervals since the original filling of the dam in 1953, and the readings 
carefully studied. Pore pressures and phreatic lines derived from the read- 
ings have been plotted and are presented on Figures 5 and 6. In general, the 
readings indicate that pore pressures within the impervious core follow the 
- rise and fall in reservoir water surface elevation. There was no appreciable 
7 lag in response of pore pressure to pool variations. In all cases, even for 
the example taken two months after completion of the core, the phreatic line 


. was fully developed to the stage expected for the steady state condition. 
Settlement 


Settlement and horizontal displacement was observed from readings of 
the triangulated range established at Kajakai. Between June 1954 and Decem- 
ber 1957, the average settlement of the crest was approximately two inches, 
while the horizontal displacement averaged three-fourths of an inch in a 
downstream direction. Both figures are considered to be indicative of negli- 
gible movement. 


Cost-Benefit 


It would be very difficult to place an exact monetary value on the actual 
benefits derived from construction of Kajakai Dam and Reservoir. A few 
construction costs as related to various project features are presented, how- 
ever, as an aid for individual evaluation of potential benefits. 

The actual final cost of the dam approached $12,500.000. The total 
quantity of earth and rock in the main embankment was about 4,200,000 cubic 
yards; therefore, the overall cost including all structures and appurtenant 
work constructed in the first stage was about three dollars per cubic yard. 
Placing the actual earth and rockfill portions of the embankment had a final 
cost of about $1,000,000 resulting in a unit cost of about 25 cents per cubic 
yard. Based on the actual final cost, and a reservoir capacity of 1,470,000 
acre-feet, the first-stage cost was about $8.50 per acre-foot. 

The cost of the dam, with respect to irrigable lands, can be evaluated on 
the basis of land development studies. As of 1957, these studies indicated 
that approximately 220,000 acres were being irrigated by Helmand River 
waters downstream from Kajakai Dam. The annual interest and amortization 
of the expenditures for Kajakai Dam applied to the presently irrigated lands 
amounts to less than 50 cents per acre-foot. 

The regulation provided by Kajakai Dam has not only enabled new acreage 
to be brought under irrigation, but has given a firmer and more usable supply 
of water to lands previously irrigated. When the lands below the reservoir 
are developed to the extent that full use is made of the water stored in the 
first stage of Kajakai Reservoir, the cost of the dam will result in an annual 
average cost of 36 cents per acre-foot of water. 

These figures do not include the power potential at Kajakai which may 
eventually have an ultimate installed capacity of 120,000 kilowatts and flood 
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control benefits which are considerable. These, as well as further water use 


benefits, can be attained by construction of the second stage at a relatively 
low development cost. 


Personnel 


The preliminary investigations, design and supervision of construction 
were performed by personnel of the International Engineering Company, Inc. 
Construction was accomplished by the forces of Morrison-Knudsen Afghani- 
stan, Inc. At the time this work was in progress, Mr. C. P. Dunn, M-ASCE, 
was President of International Engineering Company, Inc.; Mr. D. J. Bleifuss, 
M- ASCE, was Chief Engineer; and Mr. Torald Mundal, M-ASCE, was Chief 
Design Engineer. Engineering operations in the field were performed under 
the direction of Mr. W. A. Hohlweg, M-ASCE, and the Late Mr. Gilbert 
Waddell. Consulting Geologist was Mr. Frank Nickell. Engineering Consult- 
ants, who advised on both design and construction and furnished an invaluable 
service, were the late Mr. James B. Hayes, M-ASCE, and Messrs. John L. 
Savage, M-ASCE, James P. Growden, M-ASCE, and John S. Cotton, M-ASCE. 
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Journal of the 
POWER DIVISION 


Proceedings of the American Society of Civil Engineers 


ROCKFILL DAMS: PERFORMANCE OF TVA CENTRAL CORE DAMS# 


George K. Leonard,! M. ASCE and Oliver H. Raine,2 A. M. ASCE 
(Proc. Paper 1736) 


FOREWORD 


This paper is one of a group from the ASCE Symposium on Rockfill Dams, 
June, 1958, at Portland, Oregon. 

For purposes of this Symposium, a rockfill dam is considered to be one 
that relies on dumped rock as a major structural element. Included are rock- 
fill dams of the types with impervious face membranes, sloping earth cores, 
thin central cores, and thick central cores. 

The objective of the Symposium is to assemble experience data on the high- 
er rockfill dams of all types along with discussion by engineers engaged on 
rockfill dam projects. It is hoped that this Symposium will contribute toward 
improved, more economic and higher rockfill dams of all types. 


SYNOPSIS 


Especially valuable are reports on the behavior of rock fill dams to com- 
pare with the design assumptions. The many variable and sometimes unknown 
conditions which influence the design of fill dams are sometimes either over- 
or under-emphasized and, therefore, misapplied. Only by comparing the re- 

sults with the design assumptions can better dams be built. The authors have 
made this comparison on three TVA fill dams. 


Note: Discussion open until January 1, 1959. Separate discussions should be submitted 
for the individual papers in this symposium. To extend the closing date one month, 
a written request must be filed with the Executive Secretary, ASCE. Paper 1736 is 
part of the copyrighted Journal of the Power Division, Proceedings of the American 
Society of Civil Engineers, Vol. 84, No. PO 4, August, 1958. 

a. Presented at meeting of ASCE, Portland, Ore., June 1958, 

1, Chf. Engr., Tennessee Valley Authority, Knoxville, Tenn, 

2. Senior Civ. Engr., Tennessee Valley Authority, Knoxville, Tenn. 
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Presentation 


The central core rock fill dams as built by the Tennessee Valley Authority 
(Fig. A) naturally differ from those built by other owners due to varying de- 
sign assumptions, available materials, and methods of construction; but gener- 
ally speaking, all consist of a heavy, nearly impervious central earth core 
supported and stabilized by massive dumped rock fills on the upstream and 
downstream faces. While emphasis will be on the performance of three of 
TVA’s dams beginning with reservoir impoundment, it seems necessary and 


appropriate to describe in some detail their planning, design, and con- 
struction. 


Advantages of This Type of Dam 


Central core rock fill dams (Fig. 1), if properly chosen, designed, and 
built, have many excellent qualities. Most important of these might be their 
durability, their permanence. Neither fire nor flood, heat nor cold affect their 
life in any way. In time of war, they would have a much better chance for sur- 
vival than concrete dams. They are as permanent as the hills into which they 
abut. 

Dams of this type are economical in that use is made of natural materials 
at the site instead of the more costly materials required in a concrete 
structure; design is less complicated; and construction is relatively simple. 


Three of TVA’s Rock Fill Dams 


Three central core rock fill dams built by the Tennessee Valley Authority 
will be described. These are all located on the upper tributaries of the main 
river, Watauga and South Holston in the northeast corner of the watershed and 
Nottely in the southeast corner, all on rivers of the same name, The three 
projects serve multipurpose objectives and have considerable flood control 
storage as well as power installations. A 15,000-kw unit has recently been 
installed at Nottely to utilize the available energy from the discharge to the 
downstream Hiwassee project during peak operation. Fig. 1 shows cross 
sections of the three dams, and Figs. 7, 8 and 9 show views of the dams. 


Table of Principal Features 


Nottely Watauga South Holston 
Time of Construction 1941-1942 1947-1948 1948-1950 
Crest Length - Feet 1,942 900 1,600 
Maximum Height - Feet 184 318 285 
Camber for Settlement - Feet 1.7 9,2 10,1 
Core Slope - Upstream lonl 1 on .85 lon .75 
- Downstream 1 on 1,2 1 on .85 lon .75 
Face Slope - Upstream 1 on 2 ion2 1 on 2.2 - 
1 on 2,1 
- Downstream 1 on 2 lon 2 1 on 2 
Quantities - Millions of Cu. Yds. 
Rolled Earth Fill 0.85 1,48 2.09 
Rock Fill* 0.70 2.02 3.81 


*Includes filter material 
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Nottely Watauga South Holston 
Nominal Top Elevation 1794 1998 1765 
Maximum Design Headwater 1788 1988 1755 
Normal Maximum Headwater 1780 1959 1729 


The Local Materials 


The earth materials available where these three tributary stream dams 
are located were classified as follows: Nottely, sandy clay; Watauga, clayey 
sand and lean clay; South Holston, medium clay. At these locations there 
would have been a sufficient amount of these fine soils available for con- 
struction of an all earth dam, with rather flat face slope, but at each location 
there was also available a large quantity of rock for the construction of a rock 
filldam. After due examination, the rock fill type with central earth core 
proved to be more economical. This type required less total yardage, con- 
struction time was reduced, and the diversion, power and outlet tunnels were 
considerably shorter, Rock classifications were as follows: Nottely, quartz- 
ite with 20 per cent mica schist; Watauga, quartzite; South Holston, sandstone 
with some shale. 

Since the rock fills furnish most of the stability in this type of dam, wide 
variations of materials and dimensions of the core are possible to suit availa- 
ble local materials and relative costs of earth and rock. There will be a 
difference in settlement characteristics of the compacted earth core and the 
dumped rock fill, but with a heavy core this difference can have no injurious 
effect on the watertightness of the core, 

The heavy earth core can be made of almost any ordinary earth material. 
The governing criteria are permeability and compressibility. The material 
must be impervious when compacted and, therefore, must be capable of 
moisture control so that thorough compaction can be accomplished to provide 
the impermeability and to reduce the settlement in the finished dam. 


Design of the Rock Fills 


The rock fill must be made of sound rock having good compressive strength 
and durability against weathering. For rock fills the dry weights have been 
from 105 to 120 pounds per cubic foot. The quartzites, limestones, and dolo- 
mites of the region are generally acceptable, but the shales are generally un- a 
acceptable, a 

At South Holston Dam a high-grade sandstone was used and since the 
characteristics of this material were uncertain a large scale test was made 
to check the friction angle of dumped rock fill. Opening of the quarry at 
South Holston revealed that along with the sound sandstone were appreciable 
quantities of shale and of sandstone from which cementing material had dis- 
appeared. This uncemented sandstone had the appearance of being sound, but 
on handling it broke down into sand and fragments of stone. The apparatus 
shown in Fig. 2 was filled with 6- to 12-inch stone which was vibrated during 
placement, Concrete slabs were superimposed for added load, and the hy- 
draulic jacks then applied horizontal force until actual lateral displacement 
of the frame and its contents took place. The tests showed an effective 
friction angle of 45 degrees for the sound sandstone, 

When the stone was removed from the frame, several pieces were found to 
have actually broken, indicating the good interlocking action and crushing 
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SOUTH HOLSTON DAM 
FIG. 1-¢ 


A: Impervious rolled fill.- 8B: Fine filter.-C: Coarse filter.-D: Quarry 
run rock.-E: Drain blanket.-F> Weathered rock /ine.-G: Grout cur- 
tain.-El: Elevation in feet above mean sea /evel.~H: Maximum cont- 
rolled level for multipurpose operation.-/: Minimum headwater.-K: 
Berms spaced 30 feet vertically.-L: Cut-off wall.-M: Riprap.-N: 
Overburden /eft in place. 
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resistance of the pieces. Tests of both the shale and uncemented sandstone 
showed a friction angle of about 30 degrees for each. The tests effectively 
verified the use of the generally assumed 45-degree friction angle of a good 
dumped rock fill. 

Use of the weaker stone was allowed in the upstream rock fill if mixed with 
enough superior stone to have an average friction angle of more than 40 de- 
grees. To compensate for this reduction in strength of the rock, the upstream 
surface slope was flattened to 1 on 2.2 in the lower part and 1 on 2.1 in the 
upper part. Only sound rock was used in the downstream rock fill. 

Both upstream and downstream surface slopes at all three dams were es- 
tablished at 1 on 2 except the upstream slope at South Holston as mentioned 
above. At all dams the slopes were broken by berms spaced 30 feet vertical - 
ly, the actual slope between berms being 1 on 1.4 with the average surface 
slope drawn through the centers of the berms. Rock dumped from trucks on a 
slope not more than 30 feet high does not roll away to any great extent and 
takes a natural slope of about 1 on 1.4. A 30-foot-deep layer of rock fill can 
thus be placed against the core along the full length of the dam with ro subse- 
quent handling except to clean up the berms for the sake of appearance. 


Design of the Earth Core 


For the three dams under discussion, the friction angles of the core ma- 

terials have been from 23 to 30 degrees and the saturated weights from 120 to 
130 pounds per cubic foot. In this type of dam cohesion of the core material 
does not have major influence on the strength of the maximum dam section. 
In the heavier Nottely core, cohesion of 500 pounds per square foot was in- 
cluded in the design. In the steeper cores of Watauga and South Holston co- 
hesion was ignored. The soils used actually have a cohesion of 400 to 1000 
pounds per square foot, adding to the computed safety factors. 

As shown in Fig. 1 the core slopes at Nottely Dam are flatter than at 
Watauga and South Holston. This was due to the fact that core material at 
Nottely was easier to obtain than rock. Then, too, the dam was built on a 
crash schedule and it was known that considerable core could be placed be- 
fore the quarry and crushing plant were ready to produce rock fill and filter 
material. This suggested that the core be as wide as practical consistent with 
safety. Generally the core precedes the rock fill and it should be capable of 
standing alone at some height above the rock fill. The circumstances called 
for flatter core slopes. (At Nottely the height of the earth core at one time 
led the rock fill by as much as 100 feet.) A slope of 1 on 1.2 was established 
for the downstream side of the core. For the drawdown condition on the up- 
stream slope the rock fill is dry but the earth core is saturated, providing 
only buoyant weight for frictional resistance. So, to maintain the desired 
factor of safety, the upstream rock fill was made thicker within the es- 
tablished 1 on 2 outer slopes by making the upstream face of the core a 1 on 1 
slope. 

TVA has used the slip-circle method for the design of all fill dams. For 
the maximum dam section at Nottely the computed slip-circle factor of safety 
for the downstream slope with reservoir full and for the upstream slope with 
complete sudden drawdown was about 1.45. In the design the internal friction 
of the saturated earth fill was assumed to be 26 degrees. It was later found 
to be 30 degrees which increased the factor of safety. 
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At Watauga and South Holston, rock was abundant and readily accessible at 
both sites, so there was no expectation that the cores would seriously lead 
the rock fills. The core slopes could therefore be made relatively steep. At 
Watauga, core material was also abundant and economically obtainable, but at 
South Holston earth borrow involved a longer haul and more difficult exca- 
vation. The core slopes were set at 1 on 0.85 for Watauga and 1 on 0.75 for 
South Holston, both upstream and downstream, with the design rock slopes at 
1 on 2 for both dams. 

With this core shape it was assumed that the core would be fully saturated 
to full pool level, making the stability of the upstream slope for the complete 
drawdown condition identical with that of the downstream slope for reservoir 
full. The core material friction angles were 30 degrees at Watauga and 23 
degrees at South Holston. The computed slip-circle safety factor for the 
maximum dam section was 1.7 for Watauga and 1.65 for South Holston. 

A foundation drain blanket was provided for the full length of Nottely Dam. 
It underlay somewhat more than the downstream quarter of the core. The 
design assumed that in this heavier core the saturation line would be lowered 
by the drain blanket. At Watauga and South Holston it was evident that drain 
blankets would be ineffective. The blankets shown on Fig. 1 for these dams 
cover only the exposed river bed where they might serve to intercept seepage 
through open rock seams and reduce uplift under the core. 

Filter blankets were used between the earth and rock on both slopes to 
prevent the core material from being washed into the rock. Two zones were 
placed on all dams on the upstream side. Two similar zones were placed on 
the downstream side at Watauga and South Holston, but at Nottely there is only 
a single 3-i. »t-thick zone. 


Constructica Details 


The treatment of the cutoff between dam and foundation varied to suit local 
conditions. At Nottely the overburden was thin except on the upper part of the 
left abutment. On the lower left abutment, across the channel, and on the en- 
tire right abutment all overburden was removed from the area to be covered 
by upstream and downstream rock fills and by the upstream half of the core. 
A trench was excavated to impervious rock just upstream of the center line of 
dam. A concrete cutoff wall in the trench was keyed 2 feet into rock and pro- 
jected 4 feet up into the core. No grout curtain was required in this rock 
foundation. Good overburden was left in place under the downstream half of 
the core. On the upper left abutment, where the height of dam became less 
than 70 feet, two sections were used. Where the dam was 30 to 70 feet high, 
overburden was removed for the entire base of rock fills. Overburden was 
left in place under the entire core, the cutoff wall was omitted, and the up- 
stream face of the overburden left in place was blanketed with 15 feet of 
rolled core material. Where the dam was less than 30 feet high, core and 
rock fills were founded on stripped overburden. 

At both Watauga and South Holston, overburden was thin and was removed 
under the entire dam area except in a few areas where good overburden was 
left in place under the downstream half of the core. A grout curtain was pro- 
vided in the rock foundation at the upstream quarter point of the core, The 
traditional cutoff wall was omitted. Its only function could be to make a firm 
connection between foundation and core in one isolated spot and increase the 
seepage path along the foundation plane by the total of its peripheral di- 
mensions. With good compaction of the core on the foundation a successful 
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cutoff is accomplished. The presence of a cutoff wall projecting into the fill 
makes equipment compaction of fill near the wall difficult and calls for inef- 
ficient hand tamping. A trench 6 feet wide was excavated 2 feet deep into the 
rock on the line of the grout curtain and filled with concrete. This concrete 
cap sealed the top of the grout curtain and provided a working surface for 
drilling and grouting operations. 

Characteristics of the foundation and fill materials were determined from 
preliminary investigations and conservative values of these characteristics 
were used in the design. Control of construction procedures to guarantee the 
design strength was maintained by the field engineers. All earth fill was com- 
pacted by spreading in thin layers and rolling with sheepsfoot rollers. Any 
overburden left in place under earth fills was well harrowed and recompacted 
with sheepsfoot rollers the same as:the fill itself to blend fill with foundation 
and obliterate the junction. 

Rock fills were placed by dumping from trucks. At each point of dumping 
one or more streams of water at 100-psi pressure from a 2-inch nozzle re- 
moved small fragments from the contact between the larger rocks and ac- 
celerated the settlement and adjustment of the fill. 

Significant settlements were expected in these high dams, and so the tops 
of the dams were cambered to extra height to maintain future freeboard. 
Possible settlement was estimated from laboratory tests of the earth materi- 
als during fill construction. At South Holston, for example, the ultimate 
settlement was estimated to be about 18 feet and therefore the maximum 
section of the dam was raised 10 feet, corresponding to about the 60-year es- 
timated settlement. Actual measured settlement at both Watauga and South 
Holston has been substantially less than the estimated. To avoid a sagging 
appearance near the top of the dam, the three upper rock berms at Watauga 


and South Holston were cambered successively greater amounts to build up 
the top camber. 


Measured Settlement of Core 


Continuous records of settlement have been kept on Nottely, Watauga and 
South Holston Dams. Observations at Watauga and South Holston started one 
month, and at Nottely four months, after completion of the fill and dam 
closures. The reservoirs were nearly full in eight to nine months, and since 
initial filling they have experienced seasonal drawdowns and refillings during 
flood control and power storage operations. 

At Nottely the fill was placed in one period; at Watauga in two periods; and 
at South Holston in three periods. The work periods were separated by the 
typical winter rainy season. 

All the observation points are located on the central earth core on the 
maximum section and represent consolidation of the earth core under its own 
weight and weight of the superimposed rock shoulder. No settlement measure- 
ments were made on the rock fill itself. 

Time-settlement curves for the cores of these three dams are shown in 
Fig. 3, plotted as direct settlement, settlement as a percentage of height, and 
settlement as a function of the square of the height. After ten years the top 
of Nottely Dam had settled 1.1 feet or 0.6 per cent of the 184-foot height. 
Watauga Dam in eight years settled 2.6 feet, or 0.8 per cent of its 318-foot 
height, and South Holston’s 285-foot height was decreased in 6-1/2 years by 
2.85 feet or 1.0 per cent. At age six and one-half years (South Holston’s age), 
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the percentage settlements of Nottely and Watauga were 0.46 and 0.74 com- 
pared with South Holston’s 1.0 per cent. 

Since consolidation of a specimen varies directly with its length and rough- 
ly with the pressure applied to it, the settlement of fills would be expected to 
vary approximately as the square of the height of the fills, providing the fills 
have the same shape and are made of materials with similar consolidation 
characteristics. The chart of this function shows the relative settlement 
curves proportionately closer together than either the direct settlement or the 
percentage settlement, the Nottely and Watauga curves practically coinciding. 

Theoretically, the rate of settlement at South Holston and Watauga should 
have been about the same. At Watauga the dam is slightly higher (320 feet 
compared with 290 feet), producing higher compression. The rate of placing 
the fill was much faster at Watauga (13 months) than at South Holston (24 
months). Therefore, the consolidation obtained during construction is greater 
at South Holston. In the detailed computation of consolidation these conflicting 
influences produced closely similar time-settlement curves for both dams for 
the first three years after completion of the fills. Thereafter the computed 
curve for the higher Watauga Dam showed a little greater settlement. 

After the first year the curves of actual settlement of the two dams are 
nearly parallel, both at a slower rate than the computed. The only significant 
difference occurred in the first year, when South Holston experienced settle- 
ment at a much faster rate than expected. Here the top ten feet of the nominal 
height of the core and the superimposed 10-foot camber were compacted by 
truck and tractor rather than by sheepsfoot rollers. It is suspected that this 
contributed materially to the rapid early settlement. Fig. 3-a shows com- 
parative computed and actual settlement curves. 

The vertical settlement curves for Watauga and South Holston seem to 
show some response to reservoir fluctuation, as evidenced by the local 
steepening of the curve at the end of each of the earlier years when readings 


were taken with sufficient frequency to disclose the effect. (Figs. 3-a and 
3-b.) 


Cracks in Top of Dam 


Unequal settlement of the central core and the rock fills has resulted in 
considerable cracking, with the resultant maintenance expense, along the 
shoulders of the core at all three dams although it is much less at South 
Holston than at Watauga and Nottely. In each case the rock fills settle more 
than the cores. 

Progressive settlement along both shoulders for the full length of the road- 
way at Watauga has been noticeable for several years. Cracking on each side 
of the pavement (see Figs. 5 and 6) has been filled with asphalt several times. 
These cracks seem to follow roughly the edges of the earth core beneath the 
pavement. In 1957 there was a vertical displacement of up to four inches in 
a 50-foot section on the downstream side near the right end. This larger 
crack was enlarged and backfilled with clay and surfaced with hot mixed as- 
phaltic concrete. A shorter area on the left end on the upstream side re- 
quired similar treatment. The greatest settlement appears to have occurred 
at the extreme left end on the upstream side at the edge of the shoulder. 

In contrast, at South Holston the roadway is cracked at only one short 
section on the downstream side at the left end where a roadway fill crosses 
the core to join the top of the dam. Widening the top of the core, which was 
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done for construction convenience, was beneficial. A comparison of the top 
details of the cores at Watauga and South Holston is shown in Fig. 1. There 
is little, if any, change in the relative elevation of the top of the roadway and 
the point of the shoulders at South Holston; whereas, at Watauga the shoulder 
in some spots is as much as six to eight inches below the center of the road. 

Severe similar cracking at Nottely was observed in 1955, although prior to 
that time upstream settlement of the rock fill and resultant repairs had com- 
pletely buried the curb under 6 to 10 inches of bituminous material. The 
downstream curb still retained its original appearance. In 1956 a small crack 
opened up along the downstream shoulder, but it was filled and today both 
sides seem to be stationary. 

The 1955 crack extended for about 600 feet along the high part of the dam. 
It was in the pavement and generally was located 5 to 6 feet from the upstream 
edge of the embankment, but in some places it was as much as 10 to 12 feet. 
The crack was generally 1/4 inch or less wide, but in one or two places and 
over short distances the width was as much as 1-1/2 inches. Its depth exceed- 
ed 6 feet as determined by probing rods and 4-inch auger holes, the latter be- 
ing stopped by rocks. There was no significant indication of any differential 
settlement between the edges of the crack. The pavement sloped downward 
between the crack and the upstream edge of the embankment. 

Many ideas, some unique and possibly far-fetched, have been presented to 
explain the cause or causes of the cracks at these three dams. The seeming- 
ly apparent cause was expressed above—unequal settlement of the core and 
rock, which is influenced by differences in materials, design, and construction 
methods. 

It is difficult to interpret the differential settlement of core and rock fill 
although it is generally recognized that some rapid adjustment and settlement 
of the rock fill is to be expected. The compaction of core material is pretty 
well known and settlement can be anticipated from laboratory tests. Rock 
fills, however, due to varying qualities of gradation, hardness, durability, 
roughness, and construction methods cannot be so anticipated. 

As evidenced by the settlement curves (Fig. 3) good compaction was 
achieved in all cores. Settlement after 6-1/2 years to 10 years did not exceed 
1 per cent of the height. It is believed that the low 0.6 per cent settlement at 
Nottely was due to the sandy soil which had a near optimum water content. 

At Watauga and South Holston moisture control was troublesome with the soils 
in the borrow pits being generally on the wet side of optimum. Aeration and 
drying of the soil before placing consumed much valuable time and compaction 
may have been hurried. 

The cracking described does not endanger the stability of the dams as the 
friction in the rock fill and cohesion and friction in the uncracked portion of 
the impervious core provide adequate safety. 


Deflection 


Nottely Dam showed appreciable lateral deflection during reservoir filling. 
Upon first filling, the top of the dam at the maximum section deflected down- 
stream nearly three inches. The deflection decreased one inch during the 
next drawdown and increased one-half inch on refilling. 

Watauga Dam showed no significant deflection from reservoir filling. No 
readings have been taken at Nottely and Watauga for a number of years. 
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South Holston Dam has shown unusual lateral deflection of the top of the 
dam. A point near the center of the dam deflected upstream more than three 
inches during the initial loading of the dam in 1951 by the reservoir water. 
This deflection has varied during the subsequent seven years as shown by the 
curves on Fig. 4. A response of about one-half inch to reservoir changes in 
the early years is indicated. The upstream deflection might have been due to 
tilting of the dam foundation during reservoir loading. Substantial width of 
the valley floor at the dam site and relatively weak shale and sandstone foun- 
dation rock might tend to produce such a tilting effect. However, there is no 
survey information to substantiate this theory. 


Seepage and Toe Drainage 


Little information is available concerning the seepage through the core and 
toe drainage below the three dams herein described. It must suffice to say 
that toe drainage has been low. At Nottely an attempt has been made to catch 
the drainage from the right bank and measure its flow over a weir. Hydro- 
graphs of flow compared with rainfall at Nottely during 1954 indicated that the 
drainage was about 6 gpm during dry periods and about 30 gpm after rainy 
periods. 

The collection of accurate seepage and drainage flows is extremely difficult 
and unreliable. Rainfall, temperature, evaporation, and geology all tend to 
discourage the observer from placing too much reliance on his records. 

Since visual inspection has consistently shown low flows, it seems not too 
important to worry about the actual amount of seepage. 


CONCLUSION 


In TVA dams up to 300 feet high the settlement of the core in six to eight 
years has been less than predicted from computation of simple vertical con- 
solidation, except for vagaries in the first year or so. 
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Fig. 6. Watauga Dam—Crack along downstream shoulder of core cut out, 
filled and sealed 
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ROCKFILL DAMS 


The rock fill shoulders have generally experienced more settlement than 
the cores during the early years. Efforts should be directed toward reducing 
this difference in settlement as much as possible, and toward minimizing the 
effect of the difference. The rock in the fill should be sound and aurable and 
it should be placed under specifications which accomplish its adjustment to 
stable position. If the dam is to have a paved roadway, the core at the top 
should be the full width of the roadway including curbs and continuous type 
guard rail. A stone guard fence, well adapted to these dams, was used at 
Watauga and South Holston. Located on the rock fill shoulder, it was made of 
selected large stones spaced about seven feet on centers. 

Little can be deduced from the deflection experience of these dams except 
that they show a certain elasticity of deflection under varying reservoir load. 

The spectacular in dam performance is usually associated with inadequacy 
or failure, of the whole or of a part. The performance of TVA’s heavy central 
core rock fill dams has been entirely adequate, therefore not spectacular. 
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Fig. 9. South Holston Dam—Downstream View 
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FOREWORD 


This paper is one of a group from the ASCE Symposium on Rockfill Dams, 
June, 1958, at Portland, Oregon. 

For purposes of this Symposium, a rockfill dam is considered to be one 
that relies on dumped rock as a major structural element. Included are rock- 
fill dams of the types with impervious face membranes, sloping earth cores, 
thin central cores, and thick central cores. 

The objective of the Symposium is to assemble experience data on the high- 
er rickfill dams of all types along with discussion by engineers engaged on 
rockfill dam projects. It is hoped that this Symposium will contribute toward 
improved, more economic and higher rockfill dams of all types. 


SYNOPSIS 


The 28-year service record of Salt Springs Dam, in terms of settlement, 
leakage, face cracks and maintenance is presented. The troubles at Salt 
Springs are traced to specific construction weaknesses. 

The design, construction and performance of the two Lower Bear River 
Dams is presented and compared to Salt Springs Dam. 


Note: Discussion open until January 1, 1959. Separate discussions should be submitted 
for the individual papers in this symposium. To extend the closing date one month, 
a written request must be filed with the Executive Secretary, ASCE. Paper 1737 is 
part of the copyrighted Journal of the Power Division, Proceedings of the American 
Society of Civil Engineers, Vol. 84, No. PO 4, August, 1958. 

a. Presented at meeting of ASCE, Portland, Ore., June 1958. 

1. Cons. Engr., San Francisco, Calif. 


2. Superv. Civ. Engr., Pacific Gas & Electric Co., San Francisco, Calif. 
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INTRODUCTION 


Prior to 1925, there existed only eight rockfill dams higher than 100 feet; 
Morena, Strawberry and Swift Dams all being highest at about 160 feet. The 
eight dams were all in the United States and most in California, In 1925, a 
115-foot step in height was made with the 275-foot high Dix River Dam of the 
Kentucky Utilities Company. This dam was a major step in the development 
of concrete face dams and Mr, L. F. Harza and Mr. G. W. Howson deserve 
particular credit. The next increase in height was made six years later in 
1931 with a 53-foot step from the Dix Dam to the *Pacific Gas and Electric 
Company’s 328-foot Salt Springs Dam. Though impervious face dams in the 
200 to 300-foot range in height have since been built, Salt Springs Dam re- 
mained the world’s highest until 1958, a period of 26 years. In 1958, a 27-foot 
step was made to the 355-foot high Paradela Dam in Portugal. 

Since Salt Springs was completed in 1931, impervious core rockfill dams 
of various types have been developed and have been constructed to continually 
increasing maximum heights that presently are in the range of 400-450 feet. 
The economics and the high degree of safety, characteristic of rockfill dams 
of all types, have resulted ja their increased use. The need for always higher 
dams of unquestionable safety makes careful study and reporting of the then 
existing high dams an important obligation of the engineers engaged in their 
design, construction and operation. 

The P, G. and E. Co. serves Central and Northern California. The electric 
production comprises 14 thermal electric plants and 58 hydroelectric plants 
having a total capacity of 4,533,000 kw. The hydro plants are nearly all locat- 
ed in the Sierra Nevada Mountain Range which extends some 430 miles along 
the eastern boundary of California. Except in the northern end of the Sierras, 
where the mountains are of volcanic origin, the basic formation is granitic 
and there is little natural surface or underground storage. Precipitation is 
in the form of winter snow which melts in the late spring and early summer. 
Annual and, in some cases, cyclic storage is necessary to provide dependable 
hydroelectric power. To provide the storage, and to provide diversions and 
afterbays, P. G. and E. Co. has 106 dams of all types. With minor exceptions, 
these dams are utilized primarily for power purposes, but provide important 
benefits to irrigation and domestic water supply, flood control and recreation. 

Fourteen of the 106 dams are of the impervious face rockfill type. The 
earliest, Fordyce Dam, dates back to 1873 and the most recent, Wishon and 
Courtright, are being completed in 1958. Experience with all of these dams 
has been very satisfactory and all of them are in service today. Development 
of the impervious face rockfill dam has been appropriate and particularly 
economic in the massive granite formations of the Sierras. 

The early impervious face rockfill dam experience of P. G. and E. Co. may 
be considered to have culminated with completion of the 328-foot high Salt 
Springs Dam in 1931. Twenty-one years passed before the Company con- 
structed the next concrete face rockfill dams, the Lower Bear River Dams in 
1952. The 21 years of experience with Salt Springs as well as experience 
with other rockfill dams was effectively used in the design of the Lower Bear 
River Dams. 

This paper will bring Salt Springs Dam experience up to date and will re- 
view the construction from the standpoint of its influence on the performance 
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of the dam. The paper will also present the design, construction and per- 
formance of the Lower Bear River Dams and make comparisons with Salt 
Springs, 


Early Pacific Gas and Electric Company Rockfill Dams 


The nine impervious face rockfill dams of the Company that were con- 
structed before Salt Springs have been termed the early dams. Data on all of 
P. G. and E, Company’s impervious face rockfill dams is presented in TableI. 
All are still in service after 28 to 85 years of satisfactory performance, Ex- 
perience with the six of these that are higher than 75 feet will be briefly re- 
viewed. It was the early experience with these and other dams, together with 
that of Dix River Dam, that led to the adoption of a concrete face rockfill type 
dam for Salt Springs. 

Upper Bear River Dam is now 58 years old and is of particular interest be- 
cause of the steep slopes with a very thin layer of placed rock. The placed 
rock is one layer of hand and small derrick placed stones, and the fill is a 
mixture of small rock and fines. The face was timber with no concrete back- 
ing. The up and downstream slopes are the same. The 0.50:1 slope of the 
upper 25 feet and the 0.75:1 slope of the lower 50 feet are considerably steep- 
er than the natural dumped rock slope of about 1.3:1. The thin layer of dry 
placed rock is certainly not adequate as a retaining wall. The rockfill should 
not have as high a shearing strength as a modern fill of dumped and sluiced 
large rock, 

This dam and other early rockfills with steeper than natural dumped slopes 
have provided evidence that the shearing strength is much greater than that 
based on a 1,3:1 natural slope. For example, a rockfill with an infinite slope 
of 0.5:1 must have a shear coefficient exceeding 2.0, whereas a 1.3:1 natural 
slope indicates a shear coefficient of 0.77. A coefficient of 1.0 is commonly 
used in design of core rockfill dams. The natural dumped slope of a rockfill 
is not an indication of its shear coefficient. 

In 1929, a dumped fill at natural (1.3:1) slope was added to the downstream 
face and the spillway enlarged. In 1932, the crest was raised with 5 feet of 
placed rock to obtain increased storage. In 1953, the deteriorated 50-year 
old timber was removed and a continuous gunite face with no joints was ap- 
plied to the placed rock. The gunite thickness varied from 3 inches at the 
top to 5 inches at the base of the dam and reinforcing from one to two layers 
of No, 4 x 4 by No. 6 x 6 mesh, 

Meadow Lake Dam is now 55 years old, and its continuous service further 
substantiates the stability of face slopes considerably steeper than the “angle 
of repose”. The slopes are similar to those of Lower Bear River Dam but the 
placed rock is even a thinner single layer. Cutoffs are only one or two feet 
into granite bedrock. In 1930, a forest fire burned the timber face off the 
dam. A gunite face with no joints, and thickness of 2 inches at top to 4 inches 
at the base, was installed. One vertical crack developed in the 750 feet of 
crest length. It was covered by a copper joint and further opening has caused 
no leakage. After 27 years, the face is in good condition, even though it is at 
elevation 7700 and exposed all winter. Leakage is negligible. The use of thin 
continuous gunite without joints is considered economical and successful for 
both dams. 
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FIG.2 THE MEETING OF 3910 LEFT ABUTMENT AND 
| 3800 RIGHT ABUTMENT LIFTS —- SALT SPRINGS DAM 


“ 


FIG. 3 COMPLETED DAM WITH SPILLWAY GATES AND 
COPING WALL ADDED IN 1947 - SALT SPRINGS DAM 
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Relief Dam is now 48 years old. This 140-foot high dam has not contribut- 
ed much to the technology because of the very thick section of placed rock. 
Though the upstream face slope is all at 0.5:1, all the rock upstream from 
the crest is placed. This use of placed rock was probably economical in 1910, 
but present costs do not justify the saving of dumped rock by use of placed 
rock. The 250-foot high Malpaso Dam in Peru is of nearly the same section 
and construction as Relief Dam. The crest of Relief is curved downstream 
to give a dam of minimum yardage. Downstream movement opened a vertical 
crack near the center of the dam. This crack was covered by a copper joint 
and has continued to open.” This is another example of the characteristic of 
the impervious face rockfill dam to concentrate future movement at the initial 
joints or cracks. This is a very favorable characteristic. 

Fordyce Dam was raised in 1927. The upstream slope of the raised dam 
has an 18-inch slab over 1:1 loose rockfill with nominal placed surface rocks 
for the lower 93 feet, and a 12 to 18-inch slab on 1:1 slope over 4 to 6-foot 
thick placed rock for the upper 47 feet of the raise. The successful service 
and small settlement of this 140-foot dam, with 1:1 upstream slope and nomi- 
nal placed rock gives further confidence in the high degree of stability charac- 
teristic of dumped rockfills. 

Main Strawberry Dam is now 42 years old. The slopes of this dam are 
1.2:1 upstream and natural (1.3:1) downstream. Placed rock is 4 to 8 feet 
thick, and the fill is dumped over about 20-foot depth of streambed material. 
The dam is at elevation 5620 and water and frost action has deteriorated some 
areas of the 9 to 15-inch concrete face to the extent that at some future time 
repair will be required. Gunite will probably be used. This dam, with its 
thin placed rock and natural or steeper slopes, was a very progressive design 
for one of the highest dams of its type in 1916. Morena and Swift Dams 
(Montana), 1912 and 1914, are of about the same height. 

Bucks Creek Dam is now 30 years old and has given trouble-free per- 
formance. The slopes are conservatively flat, 1.4:1 upstream and 1.5:1down- 
stream. Placed rock is thin, 3 to 6 feet thick. The concrete slab has no 
joints and reinforcing steel is continuous. The face has developed no cracks, 


leakage is negligible and no maintenance has been required in its 30-year life 
to date. 


Summary 


These six early impervious face rockfill dams, of 75 to 140-foot heights 
and ages of 30 to 85 years, have given excellent service with nominal, if any, 
maintenance except for replacing timber face by gunite in two cases. There 
has never been any question as to safety. They have provided experience that 
has led to the confident construction of higher dams. 


Engineering Significance of Salt Springs Dam 


Salt Springs Dam was completed in 1931. It was the world’s highest 
concrete face rockfill dam, 328 feet high, until the completion in 1958 of the 
355-foot high Paradela Dam in Portugal. The performance of the dam has 
been reported in the engineering literature,(21,22) However, in reviewing the 
literature in the light of later experience with the Lower Bear River and 
other dams, it is considered that the existing literature could be misleading. 
It could be inferred from the literature on Salt Springs that face cracking, 
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rather high settlement movements, and maintenance are a problem and that 
they might be expected of such adam. Actually, these troubles with Salt 
Springs have never in any way given concern as to safety, cost or continuous 
operation, The cost of maintenance has been negligible compared to the 
economy in the use of the concrete face rockfill dam at the Salt Springs site. 

Study of the troubles at Salt Springs has led to the design of concrete face 
rockfill dams of both greatly improved service record and lower cost. If 
Salt Springs Dam were to be constructed with today’s knowledge, it would be 
of more simple and lower cost design and, at the same time, give superior 
service. gi 

Lower Bear River Dams were designed and constructed with the help of 
20 years more rockfill dam experience than was available for Salt Springs 
and particularly with the help of the very detailed knowledge of the per- 
formance of Salt Springs Dam. The design of the Lower Bear River Dams in- 
cluded features intended to avoid the face troubles that occurred at Salt 
Springs and these were successful. However, the Lower Bear River Dam per- 
formance, with nominal cracks and leakage and small settlement, was con- 
siderably better than expected. This fact led to a careful review of Salt 
Springs construction. It was evident that the superior construction of the 
dumped fill at Bear River was the main reason for the improved performance. 
Comparative physical data is presented in Table II. 

In advance of presenting and comparing Salt Springs and Lower Bear River 
Dam data, general conclusions are that: 


(1) The Salt Springs face cracks can be traced to specific construction 
weaknesses in the dumped fill. 

(2) The most significant difference in construction was in the sluicing. 

(3) In addition to construction changes, minor design changes have and can 
tend to eliminate the Salt Springs face troubles. 


Salt Springs Dam continues to give unquestionably safe and economic 
service. However, to the dam engineer it has made its contribution as a labo- 
ratory for pioneering high rockfill dams. Future concrete face rockfill dams 


should be patterned after the design and experience of more recent rockfill 
dams. 


Construction of Salt Springs Dam 


Cagnstruction began in 1928 and the dam was completed in time to store the 
spring runoff of 1931. The section and profile of the dam are shown on Fig. 1 
and the dumping of rock is shown on the photo, Fig. 2. In 1946-47, spillway 
radial gates and a coping wall were installed to obtain additional storage. 

The photo of Fig. 3 shows the completed dam. The construction of the dam is 
well described and illustrated in references (1) through (20), This paper will 


review construction briefly and primarily from the standpoint of its influence 
on the performance of the dam. 


Foundation and Cutoff 


Streambed and Abutment.—A total of 312,000 cu. yds. of streambed sands 
and gravels were removed from the floor of the narrow canyon. All material, 
28 to 40 feet deep, was removed upstream from the axis. Downstream from 
the axis 20 to 28 feet of fine material was removed and 10 to 15 feet 
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TABLE I 
IMPERVIOUS FACE ROCKFILL DAMS 
OF THE PACIFIC GAS AND ELECTRIC COMPANY 
FACE SLOPES | PLACED ROCK 
HORIZ.TO | VERT| THICKNESS FT. 


= |HEIGHT 
UP | DOWN 
PLETED STREAMISTREAM 


CINITIAL ) 
(ENLARGED) 
CAKE St _STIRLING 
LOWER THREE LAKES 
UPPER BEAR RIVER 


RELIEF 
CHRISTIAN VALLEY 
MAIN STRAWBERRY 


LOWER BEAR RIVER 


LOWER BEAR RIVER 


COURTRIGHT 
* HEIGHT ABOVE FOUNDATION AT AXIS 


TABLE I 


PHYSICAL DATA 
SALT SPRINGS AND LOWER BEAR RIVER DAMS 


YEAR COMPLETED 

STORAGE, ACRE FEET 
CREST ELEVATION 
HEIGHT AT AXIS, FT. 


CREST LENGTH, FT. 
SURFACE AREA OF “FACE, Si 3a.F FT. 


___ UPSTREAM 
DOWNSTREAM 


EXCAVATION 312000 138000 
DUMPED ROCK ~ 2744900 349900 
PLACED ROCK 224000 43900 
CONCRETE 45000 | 


TABLE IL 


LOWER BEAR RIVER DAM NO! 
TABLE OF CREST SETTLEMENT- IN FEET 


* V= VERTICAL COMPONENT H= HORIZONTAL 


NAME 
TOP |BoTTOmM FACE 
| 7 | 93 | 25 | 25 | LAYER | LAYER |MASONRY 
_| 1927 140 6 ONCRETE 
_| 1900 | 75 | 05,075 | 05,075 | LAYER | LAYER | WOOD 
1932 80 | wooo 
MEADOW LAKE 1903 74 05,0.75/ 05,075 | LAYER | LAYER | WOOD 
wio | 140 0.5 Ls 106 KCONCRETE 
LOWER BEAR |LOWER BEAR 
SALT SPRINGS RIVER NO! RIVER NO.2 
] 
YEARS % OF HT 
ist | | | 4TH | iva 
| 77 | o2| o2| s6| 70 | 70 
(3420| 220 | | 1.10 | | | 123] 50 56 
06 | o7|-o1| 34 | .39 
[4440 | 220 | 103 | | 06 | 46 53 
es | o7 [01 | 06 30 | 4a 
[$4#60/150 |v | 69] .o2 02 | 96 65 
| os | o | e2| | 8 
|v | 23 | oe os 20] 27 
| o3| 2 | 26] 31] 
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of naturally compacted gravel and boulders were left in place. Abutments 
were washed of nominal and occasional surface overburden by hydraulic 
monitoring. The dam was constructed on clean, sound granite except in the 
streambed downstream from the axis. 

Cutoff and Grouting.—A 5-foot wide cutoff trench varied in depth from 3 
feet at the top to 15-20 feet at the bottom of the dam. Below points on the cut- 
off where the dam exceeds a 200-foot height (el. 3770) the 2-inch grout holes 
were 50 feet deep, and above they varied from 50 feet to 25 feet at the crest. 
Below el, 3770 holes were drilled and grouted at 6-foot centers, and above at 
20-foot centers, intermediate holes being used if grout take exceeded 50 
sacks. A total of 161 holes averaged 42 feet in length and 27.6 sacks of 
cement per hole. 


Dumped Rockfill 


Quarrying. —Of the 2,960,000 cubic yards in the dam 880,000 came from 
the spillway quarry and the balance from 3 quarries on the other abutment, 
all near the dam. Each quarry was worked from one level since the main 
hauling system was by rail. The faces of the completed quarries are vertical, 
60 to 180 feet high and show the vertical drill holes. Rows of 6-inch churn 
drill holes on 18 to 22-foot centers were located 30 to 45 feet back from the 
face, and 2-inch drill holes at 8-foot centers were used for lifters at the 
quarry floor. The largest shot (Nov. 5, 1929), forty-four 158-foot main holes 
and 99 lifter holes loaded with 60 tons of powder, yielded 232,000 cubic yards 
ef solid granite. The average powder factor was 0.60 lbs. per cubic yard of 
solid rock. This quarry method yielded many rocks that required secondary 
drilling and shooting to produce rock that could be handled. The compressive 
strength of the granite was 15,000 to 19,000 psi, as determined by tests on 
cubes and cylinders. 

Grading of Rockfill.—The quarry method deentded many large rocks, but 
the heavily loaded 6-inch holes also produced a substantial amount of fines. 
The secondary shooting produced large clean rock. The Bucyrus 120B (4 cu. 
yd.) shovels could handle 25-ton rocks and main quarry hauling was by 30 cu. 
yd. side dump and 20 cu. yd. end dump rail cars. Rock grading was from 
fines to 25-ton rocks, with the average large rock exceeding 3 tons. It was 
estimated that half the shovel loads were on the dipper teeth which indicates 
many large rocks. One shovel on two 8-1/2 hour shifts and a six-day week 
averaged 50,000 cu. yd. per month. The fill contains about 29% voids which 
represents a bulking factor of 41%. Field notes and photographs indicate that 
the rock coming from the quarry varied from large clean rock just after a 
quarry blast to smaller rocks with many fines when cleaning up the quarry. 
When “too many” loads of fines, on cleaning the quarry floor, were going into 
the dam, some loads were wasted. Total waste was less than 5%. Occasion- 
ally large rocks were dumped over visible areas of fines. 

The photograph, Fig. 2, shows the 3910 lift and the 3800 lift coming to- 
gether. The rock of the left abutment 3910 lift is observed to be much smaller 
than that of the 3800 lift. This was uniformly the case since the spillway 
quarry was equipped to handle rocks up to only 2 cu. yd. size, whereas the 
right abutment quarries could handle 8 cu. yd. and larger rocks. 

Lifts.—Fig. 1 illustrates the lifts used in construction. The first fill in 
the 3670 and 3710 lifts was to permit an early start on the cutoff and placed 
rock and the lifts were of minimum top width. The three main lifts, Fig. 1, 
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were each for the full thickness of dam. The main and most important lift of 
the dam was 185 feet high. Since the natural slope was about 1.30 to 1.35:1, 

it was necessary to construct berms beyond the 1.4:1 specified slope. Surface 
cleanup on the lifts was not good. The important surface was that at el. 3800 
and the field engineer’s report reads, “The spillway quarry 3910 lift is over- 
lapping with no 3800 cleanup . . . an attempt is now being made to roughen the 
top of the 3800 lift by shooting holes 20 ft. apart and afterward sluicing fines 
into the larger voids at the bottom of these holes . . . a 3-inch low velocity jet 
moves the fines but holes 3 to 4 feet deep and 8 feet in diameter quickly silt 
up ...a higher velocity jet would be desirable but is not possible. . . as the 
higher lifts overlapped the 3800 level it became dangerous to work on the 
cleanup”. This is significant since the subsequent horizontal crushing failures 
all took place at el. 3800. The 185-foot dump from the 3800-foot level would 
have permitted considerable fines to accumulate in the top zone of the lift. 

The 165-foot main lift was certainly a great benefit to Salt Springs Dam. 
The many large rock of 10 to 25 tons do considerable compaction as they slide 
or plow down the dumped slope. The height of lifts in the upper 199 feet or 
so of the dam are less important since pressures due to water and rock load- 
ing are both low. 

Sluicing.—The superior performance of the Lower Bear River Dams over 
Salt Springs occasioned a thorough review of the Salt Springs construction 
records, particularly regarding sluicing. It is definite that Salt Springs sluic- 
ing was not comparable to present practice. The first 750,000 cubic yards 
were dumped between Feb. 1928 and July 1929 with only a 100 gpm-350-foot 
head-centrifugal pump and 4 and 2-inch pipes and hoses on the job. 

Dumping had been on the order of 80,000 cu. yds. per month and sluice 
water less than 20,000 cu. yds. per month and not available at all points of 
dumping. A 300-gpm pump was added in July 1929. Sluicing was still recog- 
nized to be inadequate and on October 1, 1929, with 1,100,000 cu. yds. already 
in the dam, one 1200 and one 1500 gpm pump was installed along with 8 and 
4-inch lines, and sluicing began in earnest. The 3800 lift of 1,500,000 cu. yds. 
was completed in Jan. 1930 and was thus only nominally sluiced. Though the 
last 1,900,000 cu. yds. of rock was dumped with a substantial amount of 
water, the method of application was not that which would be used today. The 
application of water was by letting hoses pour onto the top of the lift at or 
near the point of dumping. There were no jets to remove pockets of dirt and 
spalls and even with adequate volume of water the method of application would 
not permit the water to be fully effective. The fact that sluicing of the fill 
below el. 3800 was very nominal is important in that it may explain why the 
dam settled relatively greater below el. 3800 than in the lower part of Lower 
Bear River Dam No. 1. 

Settlement During Dumping.—As dumping of rock progresses, the rock go- 
ing down the slope seems to pull the previously dumped fill downward. This 
movement is illustrated by Figs. 1 and 4. On Aug. 12, 1929, points 1-6 were 
set on the top of the 3800 lift. As the fill progressed, points 7-9 were added 
and intermittent readings were taken. The settlement of points 6-9 is the 
full settlement which took place during the dumping from the 165-foot lift, 
except for the two weeks that the rock was from 0 to 25 feet from the edge of 
the berm. Point 6 settled 1.9 feet vertically plus an estimated 1.0 feet during 
the first two weeks for a total of about 3 feet, or about 2% for the 165-foot 
lift. This is perhaps more than should occur with a fill of similar rock 
sluiced in accordance with present practice. The rate and amount of the 
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movement diminishes with increasing distance back from the berm where 
dumping is taking place. The “closing fill” does not get much settlement. 
This settlement during dumping is one evidence of the benefit in compaction 
from high lifts. Such movement does not affect the placed rock or concrete 
face since it occurs so early in the construction. 

The downstream movement of the points is believed due to the influence of 
the 3710 lift. The maximum section of Fig. 1 shows the relative location of 
the points and the 3710 lift. On November 5, 1929, the largest quarry blast, 
58 tons of powder producing 232,000 cubic yards of solid rock, was set off. 
The settlement points were carefully measured before and after and no 
movement was observed to be caused by the blast. 


Placed Rock 


Placed rock was 15 feet thick normal to the face for the full section, Fig. 
1. Rocks generally were placed with a flat face in the plane of the surface to 
minimize excess concrete over the design thickness. The average production 
rate for the total 224,000 cubic yards placed was 50 cubic yards per 9-hour 
shift of a crawler crane with crew of 8 men. The cranes operated on the 
surface of placed rock which is inconvenient and more costly than operating 
on “face lifts” as used at Wishon and Courtright, where production rate is 
about 2-1/2 times faster. 

Masonry.—Along the cutoff the placed rock was bedded in concrete for the 
upstream 10 feet of thickness and several feet above the cutoff joint. This 
may have contributed to causing the abutment cracks and has not been done on 
subsequent company dams. The rigid masonry would decrease the flexibility 
near the cutoff joint, and cause a relatively abrupt transition of settlement 
from the unyielding masonry to the more yielding placed rock and fill. 


Concrete Face 


The concrete contained a minimum of 5.0 sacks of cement per cu, yd.; 
water-cement ratio was specified as 1.0 and ranged from 0.95 to 1.10; and 
28-day strengths generally ranged from 2700 to 3200 psi. The concrete con- 
tained no admixtures and crushed aggregate of 2-1/2 in. maximum size was 
used. It was placed by chutes; was “wetter” than would be used today; and 
the field reports complain of segregation. Honeycombing occurred in spots 
due to mortar running into voids in the placed rock. However, its condition 
after 27 years of service in a severe climate attest that it was good concrete 
for that time. 

Four cores were taken in 1946 to determine the condition of the concrete, 
2 at el. 3712 and 2 at el. 3780. Chemical analysis showed little, if any, loss 
of cement by leaching. The concrete tested only 22% greater than the 28-day 
strength after 16 years and the modulus was only 2,680,000 psi. 


Performance of Salt Springs Dam 


The performance(21,22) has been very satisfactory in all respects. The 
face repairs have been nominal in cost in comparison with the appreciable 
cost saving in the use of this type of dam at this site, and have never involved 
safety. However, it is important to keep in mind that the performance to be 
reviewed, in terms of settlement, face cracks, leakage and maintenance, 
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would be much better for a dam constructed at the same site with the experi- 
ence and knowledge that is available today. 


Settlement 


Settlement During Construction.—Salt Springs Dam settled more during 
construction than the subsequent P. G. and E. Co, dams which were thoroughly 
sluiced in accordance with current practice. The settlement during the main 
lift dumping, as previously discussed, occurs so early in construction that it 
has little or no effect on the face. Evidence of additional settlement is: 


(a) The upstream face was laid out to a concave slope up the face with 
1.45:1 at the bottom and 1.1:1 at the top. It was attempted to place the 
placed rock to the surface design points on the profile. Settlement dur- 
ing construction required a steeper slope to be laid up to get back to the 
design location and finally to be at or near the design location on reach- 
ing the crest. Concrete was poured to the design thickness over the 
placed rock and not to the design surface in order to conserve concrete, 
Cross sections showing the relative locations of the design face and of 
the concreted face before filling the reservoir, show that at maximum 
sections these faces on completion of the dam were 3 feet apart in the 
central portion and 2 feet apart at the crest. At 150-foot high sections 
on each abutment, the two faces were 1 foot to 0.5 foot apart. Since the 
placed rock was placed to or slightly below the design lines, these 
values represent settlement between the time of placing the face rocks 
and completion of the dam. 

(b) Fig. 6 shows the latter part of the movement mentioned in (a) for Points 
A through F, which is movement that took place after the concrete face 
was poured at each point. Point D moved 1.4 feet normal to the face 
during the nine months of dam construction above Point D. 

(c) Some surface placed rocks were observed to crush during construction. 
(d) The many abutment cracks that appeared before the filling of the reser- 
voir, Fig. 6, were due to settlement during construction and after the 

concrete face was poured. 


Settlement Contours.—A fundamental and particularly favorable charac- 
teristic of the impervious face rockfill dam is that movement of the face is 
“essentially” normal to the face. Stresses and joint movements occur in the 
plane of the face due to deviations from a line normal to the face, but the 
major component is normal, The contours of the resultant and “essentially” 
normal settlement are drawn on Fig. 5 to show the settlement: (1) due to first 
complete water loading; (2) due to 25 years of aging after the first complete 
filling; and (3) the total due to first filling and the 27-year life of the dam. 

Fig. 5A shows the movement due to the first complete filling. This took 
place during two years since in 1931, the first year, California experienced a 
historic dry year and the reservoir did not fill. The shape is similar to the 
Lower Bear River Dam No. i contour of Fig. 14 with maximum movement at 
about four-tenths of the height. However, the maximum settlement at Salt 
Springs is 2.7 (4.32 + 1.60) times the crest settlement whereas at Lower Bear 
River Dam No. 1 it was only 1.4 (2.05 + 1.45) times the crest settlement. 

This is a significant difference and it is considered that the very high 
movement in the lower part of Salt Springs is due to the inadequate sluicing 
below el. 3800. The high settlements in the lower part of Salt Springs caused 
high lateral movements in the upper portion of the dam, and caused abutment 
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cracks in addition to those that occurred during construction, It is important 
to keep in mind that the large resultant settlements in the lower portion of 
the dam, and their unfavorable consequences of lateral movement and cracks, 
are excessive primarily because of the inadequate sluicing. 

Fig. 5A shows that the combination of water pressure and height of rock- 
fill that give maximum movement is located near four-tenths the height of 
dam. All other points may be considered to move more than would be caused 
by the water load at each point due to the drag from the area of maximum 
movement, For example, there is no water pressure at the crest which at the 
center moved 1.60 feet. 

Fig. 5B shows that the settlement due to the aging of the fill and due to the 
reapplication of water load each year is different from that due to the first 
filling. The movement seems to be due more to the weight of the rockfill than 
due to the reapplication of water load. The high movement at the crest is 
probably due to the fact that the rock points in the upper portion were never 
very heavily loaded and aging is more effective on these less stabilized rock 
contacts. It is very favorable that the repeated reapplication of the sub- 
stantial water load does not appear to cause significant movement of the rock. 

Fig. 5C shows the contours of face movement for the 27 years since the 
beginning of the first filling, and is the sum of Contours 2A and 2B. Except 
in an area along the abutments, this settlement has caused no cracks. The 
reference plane for the contours is the position of the face on 3-9-31, just 
prior to the first filling of the reservoir, as shown on Fig. 3. The concrete 
slabs in the lower and central portion of the dam have moved even more than 
the contours show, as is shown by the location of points when set, Fig. 6. 

Settlement at Maximum Section.— Fig. 6 shows the record of vertical and 
horizontal movement for the maximum section. The fact that the reservoir 
did not fill the first year made it possible to obtain information on the full 
face due to the partial filling. Some comments on Fig. 6 are: 


(a) Point B moved 2.9 feet due to the water surface rising to el. 3910, and 
1.0 feet due to the application of the next 38 feet of head, estimating 0.1 
feet of the 1.1 feet was due to reapplication of the 166 feet of head. 
This indicates an increasing rate of settlement as head increases. 
This is equivalent to saying that the coefficient of settlement increased 
as head changed from 166 feet to 204 feet. 

(b) Point G moved 0.1 feet as the reservoir refilled to 3910 and another 
0.9 feet due to the 38 feet of additional head. 

(c) Settlement is down from normal. The slabs DE, DC, CB, and BA were 
all in compression in a line down the face as determined by the shorten- 
ing. The horizontal joints were cold joints so that this shortening 
caused compressive stresses. For example, the 44-foot slab length 
CB has shortened 0.1 foot without crushing. Slabs HG and GH are under 
tension in a line up the face and horizontal joints G and F have opened 
to relieve that tension, 

(d) Vertical crest settlement. 3.6 feet of the 6-foot overbuild has been 
used up in the 27 years to 1958. 

(e) As also shown by Figs. 5 and 7, the maximum rate of settlement after 
the first filling is at the crest and not in the lower portion of the dam. 
This is favorable, since it indicates that the crushing of rock points in 
the lower portion of the dam, due to the first application of water load, 
leaves a rock mass capable of resisting repeated application of that 
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heavy load with nominal additional settlement. The rock points in the 
upper portion of the dam, that have not been loaded as heavily by rock 
or water loading, settle at a higher rate in aging than does the more 
heavily loaded rock points. 

(f) After the first filling, the settlement is increasingly down from normal 
to the face. 

(g) The addition of crest gates in 1946 added 10 feet of head that influenced 

settlement for the 3-year interval from the end of 1945 to the end of 

1948. It is favorable that the 10 feet of additional head caused nominal 

movement. This seems inconsistent with the comments of (a) above, 

except that 15 years of aging settlement took place before this addition- 

al 10 feet was added to the maximum storage level. 


Settlement of Points H and F,—These two points on the maximum section, 
Fig. 5A, are used to illustrate the first three years of settlement in detail. 
The settlement is plotted, Fig. 7, with movement in feet as abscissa and at the 
elevation of the water surface when the reading was taken. The number of 
months between readings is shown on the line between points. The pro- 
gressive first three years of movement is summarized on Fig. 7 for the verti- 
cal settlement of Point H. 

These charts show movement for the first three years in greater detail 
than Figs. 4 and 5 and are typical points. Both points exhibit similar charac- 
teristics. During the several months of drawdown (approximately 80 feet) 
after the first, second and third filling, Point H and similar adjacent points 
showed vertical rebound of 0.01, 0.02 feet or zero settlement. During the re- 
maining 120 feet of drawdown, taking place during 6 or 7 months, Point H 
settled vertically some 0.16, 0.8, and 0.4 for the first, second and third year. 
The horizontal movement was quite different. Point H continued to move 
horizontally during the first several months of drawdown (approximately 80 
feet) and then would rebound horizontally 0.03 to 0.04 feet while it was settling 
vertically. Horizontal rebound of Point F was 0.04, 0.09 and 0.01 feet, which 
is greater than vertical rebound. It appears that permanent horizontal settle- 
ment takes place while reservoir is substantially filled and a horizontal force 
is present. However, the vertical settlement goes on while reservoir is empty 
due to the weight of rock. This is one indication of the influence of reservoir 
operation on the pattern of settlement. The reservoir operation of 1932, as 
shown on Fig. 6, is typical of Salt Springs operation. 

The bar graphs of settlement, Fig. 7, show the rate of settlement after the 
large movement due to the first complete filling. The crest, Point H, has 
settled vertically at about 0.09 feet per year for the twenty-five years, with 
slight decrease in rate. The horizontal component has decreased in twenty- 
five years from 0.07 to 0.025 feet per year. At Point F, located 92 feet lower 
than the crest, the vertical rate of movement has decreased from 0.76 to 
0.44 foot per year, but has been constant for the last thirteen years at 0.44 
foot per year, just one-half the rate of the crest, Point H. On the other hand, 
horizontal movement of Point F has been about the same as that of Point H in 
the last ten years, and is very small at about one-quarter inch per year. 

Lateral Settlement.—The term lateral settlement refers to the horizontal 
movement in the plane of the face of the dam. Such movement causes opening 
and closing of the vertical joints and/or stresses across the face slabs. 

Fig. 8 presents lateral measurement readings for four significant dates: (1) 
just prior to first filling; (2) after first year partial filling and unwatering; 
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(3) after second year complete filling; and (4) after twenty-seven years. The 


detailed data on five points of the G-line are also shown. Some observations 
are: 


(a) The major lateral movement took place during the high and rapid initial 
movements due to the partial and complete fillings of the first two 
years. 

(b) Movement is away from the abutments and toward the center of the 
dam, with maximum movement in the upper portion of the dam. 

(c) The movements are greatest on the left abutment. 

(d) The increase in movement between 1946 and 1949, as noted on detail 
movement of G-Line points, is considered to be due to the raising of 
storage water surface by 10 feet in 1947. 

(e) In the past approximately ten years most of the face has moved toward 
the left abutment which is the primary direction of dumping during con- 

struction of the dam. This tendency in the aging of the dam is different 

from the lateral movement associated with the initial water loading. 


The water load applied to the upstream face, which is convex upstream in 
plan, tends to push the rockfill from the abutments and toward the center. At 
the crest at the center of the dam the upstream curvature is represented by a 
13.6-foot middle ordinate in the 1300-foot crest length. A second factor con- 
sidered to cause this movement is the differential adjustment in the rockfill 
due to the high normal movements shown on the contour 5A of Fig. 5. As 
water pressure causes significant downstream and downward differential 
movement, a lateral readjustment of rock points must take place. It appears 
that this lateral readjustment of rock contacts, along with the active pressure 
within the rockfill and the high percentage of voids, causes the rocks to move 
toward the center of the dam. In addition to these factors the basic vertical 
settlement should tend to develop a component toward the center due to the 
sloping abutments. 

It seems that the high initial lateral movements are associated with the 
high normal settlement in the lower and central portion of the dam. This ap- 
parent fact is of interest and value and if true, means that these high lateral 
movements would be much less for a presently constructed dam that does not 
have the high resultant settlements of Salt Springs Dam. 

The face measurements give a record of the surface lateral movement of 
the face slabs, but the mcvement in the fill must have been still greater since 
the face resists movement. ‘1s vertical joints close in the central portion of 
the dam, the slabs accept high stresses and the rock points beneath the slab 
can adjust to permit movement in the fill without movement in the face. 

Horizontal Joint Movement.—The horizontal joints were cold joints with 
copper waterstops. They could open, but could not close to relieve com- 
pression stresses due to movement of the underlying rockfill or due to 
temperature rise. Fig. 9 shows that the two upper joints, F and G, opened. 
The remaining joints remained closed. This indicates that the two upper rows 
of slabs are in tension in a line up the face, and below Joint F, in compression. 

Vertical Joint Movement.~—The joints that slope up the face in a vertical 
plane are called vertical joints to differentiate from the sloping joints that 
parallel the abutment. The several vertical joints near each abutment opened 
and those approaching and at the center of the dam closed, Fig. 9. All verti- 
cal joints were constructed one inch open and the openings show the movement 
beyond that one inch. The larger openings on the left abutment and the sliding 
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along the sloping joint are attributed to the construction methods. The fill 
dumped from the spillway quarry contained excessive fines and sluicing was 
not used initially. The construction notes and Fig. 2 show the thin fill dumped 
from elevation 3910 to be inferior to the fill from right abutment quarries. 
The central joints have closed and compressive stresses reached a point 
where three of them have crushed. The opening of joints has caused no 
trouble. The vertical joint movement is a manifestation of lateral settlement. 


Face Cracks 


All cracks that have occurred in the face of the dam are shown on Fig. 10. 
The great majority of slabs have experienced no cracking. It is considered 
that all cracks that did occur could be avoided in a dam constructed with to- 


day’s knowledge. Comments on the various types of face failures, using the 
letter designations of Fig. 10, are: 


A. Cracks during construction. These appeared before filling of the 
reservoir in an area 10-30 feet from the abutment. The cracks were 
generally parallel to the abutment and about 1/16 inch wide, with maxi- 
mum being 1/2 inch, Initial repair was by chipping and using expansive 
mortar. With time, further joint opening and frost action resulted in 
deteriorated concrete zones. These areas were chipped out and re- 
placed with new concrete, the last of such repair being made in 1958. 

B. Cracks during filling. The few cracks that developed were repaired by 
grout and/or mastic. 

C. Hairline cracks. Only one slab developed hairline cracks. This oc- 
cured during filling. The slab was in tension in both directions. 

D. Spalling of surface. One area spalled off above the plane of the rein- 
forcing. 

E. Crushing of vertical joints. Eight of the central joints closed the one- 
inch constructed opening completely and three crushed. They were re- 

placed by 3-inch open joints which at the top are completely closed in 

1958. The central vert‘cal joints are resisting lateral movement and 

some may crush in the future. 

G. and H. Crushing of horizontal joint. The three failures all took 

place in March with low reservoir and exceptionally hot weather. The 

settlement caused compression in a line down the face in this area and 
apparently the additional temperature stress caused failure. The time 
of failure was convenient since repairs could immediately be made and 
no leakage resulted. The joint that failed is at elevation 3800, the level 
of the main construction lift which was not well cleaned up, and the top 

of an inadequately sluiced lift. The last failure took place in 1948, 

upon the first unwatering after raising the water level by 10 feet. 


Le e.—Leakage has been produced primarily by cracks “A” of Fig. 10, 
by honeycomb pockets in the concrete face, and by several open joints. Points sa 
of leakage may be located by observing clumps of pine needles on the face of ¥ 
the dam. As long as leakage did not approach or exceed the required release, 
face repairs were not made. 

A tabulation of leakage in cfs for the last 10 years from the 380,000 square 
foot surface and the abutments of Salt Springs Dam is: 
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Water Depth L At f 
Level Feet. 1947 1948 1949 1950 195) 1952 1953 1954 1955 1956 1957 


3958 320 13 20 16 19 8 12 14 16 16 lu 16 
3900 262 6 9 7 7 3 3 6 8 8 4 8 
3850 212 2 4 3 3 2 2 3 3 3 3 3 


It is observed that there is little leakage from the lower 212 feet of the 
face. 


Maintenance 


Crack and Frost Damage Repair.—Maintenance has consisted of repair to 
the cracks and crushed areas described above and of local small concrete 
patches where frost action had taken place. The concrete poured in 1931 had 
occasional porous or honeycomb areas on the surface. Frost action enlarges 
such zones and also the concrete adjacent to cracks. The patches arrest the 
frost action and have been satisfactory. Frost action has been worse on the 
right abutment side of the face which is exposed to winter sun, and more 
cycles of freezing and thawing. The left abutment is in the shade during the 
winter. 

Cost.—In 27 years of life of the dam, the maintenance cost has averaged 
$8,000 per year. This compared with a $2,000,000 estimated saving, in 1931 
dollars, in using a rockfill rather than a concrete dam. Maintenance has not 
affected operation and the cost has been nominal. 

Present Condition.—A thorough inspection of the face was made in 
February 1958. The original concrete appears to be sound, except in small 
local areas affected by frost action. Nominal patching of such local spots 
should arrest the deterioration due to frost action. Water chemical action on 
the face has removed very little surface mortar and presents no problem. 
Nominal future patching should extend the life of the slab into the indefinite 
future. The dam is in excellent condition. 


The Lower Bear River Dams 


The Lower Bear River Dams No. 1 and No, 2(23,28) are located on the 
Bear River just below the Upper Bear River rockfill dam, are only a few 
miles from Salt Springs Dam, and are near the Carson Pass Highway about 
40 miles out of Jackson, California. They were completed in 1952. 

The 245-foot No. 1 dam is the main dam and the 150-foot No, 2 dam is a 
wing dam, the two being separated by a granite knoll, Fig. ll and 19. The 
reservoir stores 49,000 acre feet for use in a power drop of one mile in four 
P, G. and E, Company plants. 

In connection with the Lower Bear River dams, the purpose of this paper 
is to thoroughly present the performance data and more briefly present de- 
sign and construction data. Comparisons will be made with Salt Springs Dam. 
The two Lower Bear River Dams will be discussed separately. 


Design of Lower Bear River Dam No. 1 


The site was exposed massive granite requiring no streambed excavation 
and nominal excavation of loose material from pockets on the abutments. The 
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concrete face rockfill dam was selected on the basis of lowest estimated cost 
and adaptability to the site and to the operation of the reservoir. 

The outlet works are illustrated and described in references (23) and (28). 
The spillway is a double side channel spillway located on the knoll between 
the two dams and discharges in an unlined channel, Fig. 11. The design ca- 
pacity is 12,000 cfs. This discharge is passed with a depth of 4.6 feet over 
the open crest weir, and 3.4 feet of freeboard on the 4.0-foot high coping wall. 

The main design features are as shown on the section, Fig. 11, and the 
joint arrangement is as shown on Fig. 14. The face is moderately curved in 
plan, and is the shape of a cylinder of 4350-foot radius tilted on a 1.3:1 slope. 
At the crest the center arches 14 feet upstream and at 0.4 height only 6 feet. 
This arching is just enough to give a favorable appearance after settlement 
and to give a tendency toward compression across the face rather than 
tension, The moderate compressive stress and closing of joints is preferred. 

The 1.3:1 upstream face slope requires greater quantities than the 1.33:1 
to 1.1:1 slope for the top 245 feet of Salt Springs Dam. The exposed rock 
foundation and the narrow canyon made the greater quantities nominal and it 
was thought that lower bid prices due to convenience of building the face to 
the natural slope would offset the cost associated with the increased quantities. 
Observations during construction indicated that this was not the case, and the 
subsequently designed Wishon and Courtright face slopes are variable and 
are steeper than that of Salt Springs. 

The Lower Bear River designs are significant as a transition between the 
early Salt Springs design and the recent Wishon and Courtright dam designs. 


The remaining significant features will be reviewed in comparison with Salt 
Springs. 


Comparison with Salt Springs Design 


Improvements.—Though the face troubles at Salt Springs were not serious, 
it was desired to obtain a more watertight dam at Lower Bear River. Also, 
the minimum reservoir operating level is 120 feet above the base of the dam, 
and unwatering the reservoir would require a shutdown of the plant and a loss 
of 2200 acre feet of dead storage. With the knowledge gained from Salt 
Springs, it was considered that a more watertight face could be obtained. Im- 


provements to minimize settlement, face cracks and leakage are considered 
to be: 


(1) Sluicing: High pressure sluicing, with water to rock ratio of 3 to 1 by 
volume, was specified to provide a fill that would give minimum 
settlement. 

(2) Hinge Slabs: The 15-foot slabs along the abutment were provided to 
minimize or prevent cracks in the slabs near the abutments. 

(3) Soft Horizontal Joints: To release compression that might develop in 

_ @ line down the face, the horizontal joints contained one-half inch thick 
redwood boards in addition to the U-shaped copper waterstop, Fig. 17B. 

(4) Lift Surface Cleanup: The lift surface was specified to be scarified, 
sluiced or otherwise prepared to obtain a rough exposed rock surface 
for contact with the succeeding lift. 

(5) Two-Inch Open Joints: To prevent the crushing of vertical joints near 
the top and central portion of the dam, joints in that area were con- 
structed 2 inches open, Fig. 17. 

(6) Additional Horizontal Joints: The horizontal joint spacing is the same 
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as at Salt Springs except for two additional soft joints in the central 
part of the dam. 


Economies.—The economies over Salt Springs design were: 


(1) Placed Rock: The thickness at the top was changed from 15 to 10 feet 
and 5 feet were added for each 100 feet of height, Fig. 11. Because the 
face area of the top half of the dam is much greater than in the lower 
half, this resulted in less volume of placed rock. It put the thicker 
placed rock in the area of greatest movement and in the area that is 
not unwatered in normal operation. 

(2) Cut-Off Trench: The cut-off trench was decreased from 5 to 3 feet in 


width and from 15 to 7.5 feet deep at the base of the dam. The specified 
depth was 3 feet for the top of both dams. 


Identical Features.—Several design features were left unchanged and are 
as follows: 


(1) Slab Thickness and Reinforcing. The theoretical thickness varies from 
1 foot to 3 feet in 300 feet of height and is reinforced in the center with 
0.5% reinforcing each way, Figs. 1 and 11. 

(2) Downstream Slope. The 1.4:1 layout line was used at Salt Springs in 
case the natural dumped slope was that flat. It was steeper and over- 
built berms resulted, Fig. 1. Though the natural slope is considered 
adequate the 1.4:1 control slope was used at Lower Bear River, Fig. 11. 
It gives a somewhat flatter than natural slope and makes the layout de- 
terminate regardless of the actual dumped slopes. 

(3) One-Inch Open Vertical Joints. Except for the upper portion of the 
central joints being constructed 2 inch open, the rest are 1 inch open 
as at Salt Springs. Though it may be predicted that certain joints will 
open, the 1 inch is considered desirable to permit assured articulation 
of the slabs. 

(4) Joint Rib Keyways. The design was the same but the rectangular verti- 


cal keys were changed to triangular shape during the job to make the 
placing of rock easier. : 


Construction of Lower Bear River Dam No. 1 


The job was awarded to Utah Construction Company in July 1950 and com- 
pleted in October 1952. The diversion tunnel, opening of quarry, construction 
of haul roads, clearing and excavation were accomplished in the remaining 
four months of the 1950 construction season. Due to snow at this 6000-foot a 
elevation in the Sierras, the construction season is about six months, May > 
through October. The actual dam construction of both dams took one year, 
six months in 1951, and six in 1952. 

A detailed and illustrated description of construction is presented in refer- is 
ences (24), (25), (26) and (27), Photographs of construction are presented in “= 


Figs. 12, 13 and 18, and completed dam in Fig. 19. Table II gives a tabulation 
of physical data. 


Foundation and Cutoff 


The foundation is solid granite. No streambed excavation was required 
and pockets of overburden on the abutments were removed by sluicing. 
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Grouting was in 25-foot deep holes at 10-foot centers with every fifth hole 50 
feet deep. The 50-foot holes were core holes and water tested. Data for the 
cutoff grouting for the 2510-foot length of cutoff for both No. 1 and No. 2 dams 
is: one hole every 9.7 feet; 4.3 feet of drilling per lineal foot of cutoff; 3.4 
sacks of cement per foot of cutoff; 85% of cement in holes taking more than 
50 sacks; and 41 of 258 holes took more than 2 sacks of cement. In the 
distance between Station 1 + 80 to 6 + 80 on Dam No. 1 no hole took more than 
1 sack of cement. 


Dumped Rockfill 


Quarry.—The location and number of quarries was left to the Contractor, 
the only requirement being that it must be at least 150 feet from the cutoff of 
the dam if the quarry floor were below crest elevation. The rock for both 
dams was obtained from one main quarry and one small toe quarry, Fig. 11 
and 18, The “coyote” quarry method was used.(24,25) 1,260,000 cu. yds. of 
solid rock from the Main Quarry were obtained in 9 blasts with 0.60 lbs. of 
powder per cu. yd. and 460 cu. yds. of solid rock per foot of 3.5 by 5.0-foot 
coyote hole. The largest shot used 89 tons of powder and yielded 307,000 cu. 
yds. of solid rock, The coyote method produced a substantial amount of fines 
near the coyote holes and many large rocks that required secondary drilling. 

Composition of Rockfill.—The rock is gray, fine-grained grano-diorite that 
has a compressive strength of 15,000 to 20,000 psi. Quarry run rock of pre- 
dominantly large size, 1 - 10 tons, was specified. Fines of 4 inch and less in 
size were specified to be less than 5% by weight. As constructed, more than 
50% of the rock is estimated to be 1 to 20-ton size and many loads with more 
than 5% fines were used in the fill. Where fines were dumped over large 
clean rock they were not rejected. Including overburden, a weathered and 
decomposed zone and the cleanup of fines on the quarry floor, the waste was 
roughly about 15%. Fig. 12 shows the character of the rockfill. Note that 
though large rocks segregate near the toe, there are many that remain in the 
upper portion of the lift. 

Lifts.—Specifications called for not more than 3 lifts plus a topping lift for 
the 245-foot high dam and for lift surface cleanup of fines. Two main lifts 
were used, Fig. 11, with part of the dam constructed in one main lift. The 
5660 lift of minimum top width, was to give an early start to the construction 
of placed rock, It is of minimum top width to provide earliest completion, 
and minimum surface cleanup. Also, it is of minimum top width to let some 
of the next lift be of greater height. However, in order to keep all shovels 
and trucks busy, a portion of the 5660 lift was extended to the downstream 
slope along the left abutment, Fine material cleaned up from lift surfaces 
was cast over the downstream face and gives the dam the appearance of being 
of smaller rock than is the case. The upstream face dumped slope on nine 
sections of 45 to 85-foot height averaged 1.28:1 and the horizontal distances 
for 1 vertical were: 1.25, 1.27, 1.21, 1.27, 1.26, 1.33, 1.34, 1.33, 1.24. A 
dumped slope of large rock is quite irregular. The upstream slope of 20 
sections of 40 to 105-foot height on Dam No. 2 averaged 1.24:1 and were in 
the range of 1.20:1 and 1.32:1, These upstream slopes were of selected loads 
of the larger rocks of 2 to 15 tons. The average downstream slope for 16 
sections of 60 to 120-foot height on Dam No. 2 was 1.31:1 and ranged from 
1.26 to 1.40. The 1.31:1 average slope was for rockfill of smaller and more 
broadly graded rock than the upstream slopes. 
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Sluicing.—Sluicing was at a volume ratio of water to rock of 3:1. The ratio 
is rather arbitrary and if the rock is relatively clean 2:1 would probably be 
quite adequate. A cost study showed that for the 2:1 ratio the cost was 4.6 
cents per cu, yd. and 75% of the cost was the labor cost of the monitor oper- 
ator. For 3:1 the labor is the same and the increased pumping energy and 
piping cost only increased the unit cost by 0.4 cents. Therefore, the 3:1 ratio 
was adopted. 

Four monitors were used with 2-1/2 or 3-inch nozzles and 80 to 90 psi 
pressure at the nozzle. A pumping plant of 3 electric 10 x 12-4210 gpm-275- 
foot head Ingersoll Rand pumps were used. Normal operation was with 2 
pumps and 3 monitors. Piping began with a 12-inch line and branches to 8 or 
6 inch lines with 25-foot lengths of 6 or 8-inch heavy rubber hose leading to 
the monitors. Monitor discharge ranged from 2 to 4 cfs. At Salt Springs, 
with no pressure, the sluicing water softened or moved dirt and quarry dust 
but did not excavate pockets of spalls ds did the jet sluicing at Lower Bear 
River. 

Settlement During Construction.—During the 6 months of 1951 construction 
season 70% of the dumped rock and 14% of the placed rock was constructed 
on Dam No. 1. The end of the first 3 months of the 1952 season saw the 
dumped rock nearly finished and the placed rock just reaching its peak rate of 
15,000 cu. yds. per month, Except for several slabs poured at the base of 
the dam in 1951 to serve as the diversion dam, all slabs were poured in late 
1952, The placed rock was placed to the theoretical shape of the face and 
significant movement after placing was not observed. The concrete was 
poured to the theoretical points on the face. If movement of placed rock had 
taken place it was intended to pour concrete to required thickness and not to 
theoretical layout points. 

On Lines T. U and V settlement points were set on October 8, 1952 while 
upper slabs were being poured. On November 28, 1.7 months later, readings 
were taken as the dam was being snowed in for the winter. The maximum 
settlement for the 1.7 month period was 0.095 on the U-line at Station 3 + 80, 
Fig. 16. 

The small movements during construction are in sharp contrast with the 
greater movements of Salt Springs, and the difference in sluicing method is 
considered to be the reason. 


Placed Rock 


The placed rock was specified to be of predominantly large size rock and 
to obtain maximum rock to rock contact with voids kept to a minimum. Voids 
were chinked, Rocks were set down to give forward and lateral contact as 
well as bottom contact. Keyways were formed in the placed rock for the joint 
ribs, in the same way ar at Salt Springs. (22) 

The placing of rocks\24,25) was from crawler cranes of 1-1/2 to 3-1/2 cu. 
yd. size, and as many as 7 cranes were working on Dam No. 1 at one time. 
The cranes operated from the top of the placed rock, Fig. 13, and moved 
across the dam placing a layer of 10 to 12-foot height. This required a 
reasonably level surface which slows down the work and was still sufficiently 
rough that timber pads were often used to walk the cranes. Selected loads of se 
large clean rock were dumped on the upstream face to provide a supply of ;: 
rock to the cranes, such that removal of the large rocks would not leave an 4 
inferior rockfill surface of fines and small rock adjacent to the placed rock. a att 
Handling was by cable slings and required about 6 men per crane. 2 
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The 112,000 cu. yds. required for both dams took 2980 crane shifts which 
gives an average of 38 cu. yds. per 8-hour crane shift. At the peak of the job 
29,000 cu. yds. were placed in August, 1952 at rates of 42 and 47 cu. yds. per 
crane shift for Dams No. 1 and No. 2 respectively. The 38 cu. yds. per crane 
shift compares with 50 for Salt Springs, 100 for Bowman and 50 to 100 for 
some other dams. Much consideration was given to the Specifications and 
procedures for the Company’s recent Wishon and Courtright Dams, and rates 
there average about 135 and peak at 200. 

Concrete Face.—Concrete was specified to be 3000 psi concrete and to con- 
tain 5 to 6% entrained air. The concrete face(27) was poured largely by 
Pumpcrete, but also by crane and bucket where crane access was possible. 
Specially designed steel forms of 2'-6" by 7'-0" dimension were continually 
moved ahead of the concrete on channel whalers that were fastened to the 
placed rock at 7 ft. spacing. The forms were stripped while the concrete was 
still green and the surface given a wood float. Initially, the steel forms were 
left in place until needed and the surface was observed to contain many air 
bubbles. The procedure was changed to remove them promptly and give the 
surface a wood float finish... A hard dense surface is desirable to resist the 
frost action. The concrete work progressed very rapidly, all but the four 
bottom slabs being poured in August, September and early October of 1952. 
Due to the surface steps and irregularities of the placed rock, the average 


slab thickness exceeds the design thickness. This excess thickness averaged 
16 inches for the dam. 


Performance of Lower Bear River Dam No, 1 


The service record of this dam has been very satisfactory to date, and 
covers a period of five years. Only two face cracks have developed, maxi- 
mum leakage has been 3 cfs, and settlement has been low. 


Settlement 


During Construction.—Based on Salt Springs experience, it was expected 
that the placed rock face would settle as the dam was being constructed and 
that, in steepening the slope to place rock to the design lines, the shape up the 
face would be concave. The concrete was planned to be poured to design 
thickness and not to layout lines in order to avoid excess concrete and obtain 
the concave line. The movement was so nominal that the concrete face was 
poured to the design layout lines on a 1.3:1 slope. The numbers at the points 
on the U and V lines, Fig. 16, give the vertical settlement for 51 days between 
setting the bronze pins and com,letion of the dam on November 28, 1952 (40 
days for T line). The maximum movement was 0.095 foot or 1.15 inches, 
which is very small. 

Settlement Contours.—The reservoir is normally not drawn down below 
el. 5700, Fig. 15, but it was completely emptied in November 1954 which made 
it possible to obtain complete settlement measurements for the two-year 
period. These are shown as contours and as horizontal sections in Fig. 14 
and as vertical sections in Fig. 16. The face has adjusted to the shape shown 
by the contours without cracking. Some comparisons with Salt Springs have 
been discussed. 

It is interesting that the maximum settlement is toward the left and steeper 
abutment of both dams. Assuming a uniformly compacted rockfill, the point 
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of maximum settlement should be toward the flatter abutment. The steep 
abutment should resist the drag of settlement, from the high movements of 
the maximum section, more than the flat abutment. The tendency to higher 
settlements near the left abutment of Dam No. 1 is considered to be due to 

the construction of all lifts from right to left abutment. At Salt Springs it is 
considered to be due to the main lifts going from right to left abutment and 
also due to the inferior fill from the left abutment spillway quarry. Of course 
the maximum differential settlements are near the steep abutment. 

Settlement Sections.—The settlement sections, Fig. 16, and Table III, show 
the progressive movement during four years. On July 13, 1953, six weeks 
after reservoir filled for the first time, crest readings were taken, Fig. 16. 
Five months later, after reservoir had lowered, Fig. 15, readings were again 
taken, The major settlement took place during the first filling. The 
movement during the last five months of the first year was not very great. 
That the face takes its major movement the first year and then moves very 
little is strikingly apparent and is very favorable in this type of dam. It 
means that if cracks are to occur, they should occur in the first year and after 
being repaired the dam might require little or no further scheduled unwater- 
ing or maintenance, That the movement is very close to normal to the face is 
also favorable since movement other than normal to the face causes stress in 
the slab and joint opening or closing. That the movement is essentially 
normal does not mean that the fill settles in the same way since the reinforced 
slab, that is interlocked to the large surface placed rocks, certainly resists 
any movement other than normal. Some readjustment of rock contacts in a 
zone underlying the face slab can permit the fill to move other than normal to 
the face without moving the face slab. 

The significant settlement is that of the maximum section since its 
movement appears to drag the adjacent sections. This influence is seen by 
comparing the sections and tabulations of about equal height of Dam No. 1, 
Fig. 16 and Table III, and Dam No. 2, Fig. 21. Comparison of sections of 
equal height on the same dam further shows the influence of maximum section 
on the abutments of different slopes. It is considered that expressing the 
vertical crest settlement or the horizontal crest settlement; i.e., deflection, 
as a per cent of height is only significant at the maximum section if the 
abutments are steep. Study of the tabulations of Table III and 21 show this. 

The matter of dragging from the point of maximum movement also occurs 
within the section. The maximum settlement due to the first complete filling 
is at about 0.4 height. At the top there is no water load and for the 1.3:1 face 
dam the water load for the lower two-thirds of the face is transmitted to bed- 
rock upstream from the axis, and does not directly affect the rock under the 
crest. The movement of the crest caused by water load is due to a drag and 
readjustment of the rocks and it appears reasonable that maximum settlement 
is not at the crest. 

Vertical Joint Movement.—The vertical joint movements of Dam No. 1, 
Fig. 17A, are markedly less than those of Salt Springs, Fig. 9. The maximum 
joint closure is 5/8 inch at R 3 + 20 and V 3 + 80 where the joints were con- 
structed 2 inch and 1 inch open, Fig. 17C. All joints except 0 + 80 close 
slightly. The vertical joint movement is very satisfactory and confirms the 
design practice of leaving all vertical joints a minimum of 1 inch open. Based 


on the three readings on the R-Line, the joint movement took place the first 
year. 
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Most of the joint closing is due to the resultant settlement which shortens 
the moderately arched face. Comparison of the net joint closing along lines 
R through W of Fig. 17A with the computed shortening is: 


R s T U Vv WwW 


Close 17 .14 .07 feet 
Shorten .13 13 ll .08 .03 .01 feet 


The difference is a measure of the net change in length of the total length of 
slabs due to horizontal stresses in the slabs. Because the central slabs are 
in compression and the abutments slabs in tension, the net change in length is 
not very great. 

Horizontal Joint Movement.—Both vertical and horizontal joint movements 
are accurately determined by measuring between center punched 5/8-inch 
bronze pins on each side of the joint and near each corner of the slabs. The 
horizontal joints contain a 1/2-inch board of redwood and are termed soft 
joints. The wood filler rather than an extrudable filler was used to give some 
resistance to movements before yielding. Tests indicated that the redwood 
resisted 1000 psi when crushed to one-half thickness and 5000 psi when com- 
pressed to three-tenths its original thickness. The joint closings are all with- 
in an acceptable 0.03 feet except for several on the V-Line, Fig. 17B. The 
0.043 closing at V 3 + 20 is associated with a local failure. 

The top joint, R-Line, either closes very moderately or opens; all 
movements being less than one-eighth inch. The other horizontal joints close 
an increasing amount toward the bottom of the dam. Inspection of the contours 
and sections showing settlement make this seem reasonable. The upper 
portion of the face is supported by a substantial amount of rock that receives 
little water loading. The rock under the central and lower portion of the 
concrete face is pushed down without the restraint of the rock downstream 
from the axis and not loaded by the water. This tends to give greater com- 
pression toward the base of the dam and, in fact, tension in the top slabs. 

Lateral Face Movement.—The lateral positions of points are determined 
by stationing along each line of points. The movements shown on Fig. 17C 
are in the range of 1/8 to 1/2 inch and are on the order of the accuracy of the 
chaining across the face of the dam. It is believed that the readings are not 
significant except to indicate that lateral movements are very small and that 
the lateral movements of the well sluiced Dam No. 1 rockfill are much less 
than for Salt Springs. It is repeated that the rockfill lateral movement is 
probably greater than measured on the slab due to the resistance of the slab 
and joints to movement. Measurements of the change in width of the 60-foot 
wide slabs show all abutment slabs to be in tension horizontally with 
elongations of 0.06 to 0.01 feet in 60 feet. Central slabs are in compression, 
having shortened generally 0.005 to 0.015. A shortening of 0.01 feet repre- 
sents a compressive stress of about 700 psi. 

Face Cracks and Maintenance.—Two cracks of different causes have oc- 
curred, Fig. 17C, in the five years of service. As shown on Fig. 17C, the 
abutment slabs, below the minimum operating level of 5700, are covered with 
two layers of 2 x 12-inch planks anchored to the concrete. Whether there are 
cracks in these hinge slabs is not known, The vertical crack near Station 
1 + 40 is in a slab that has increased in width by about 0.04 feet and that slab 


is under tension in a horizontal line. It was filled and covered with rubberized 
asphalt, 
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The failure at V 3 + 20, Fig. 17C, is at a joint intersection where joints 
have closed 0.040 and 0.043, Fig. 17A and B. A 1 by 8-foot piece of concrete 
cracked and raised 0.10 feet. The 0.043 closure is of a joint that contains a 
0.042 thickness of redwood. In order for a joint to close, the underlying 
concrete rib and some rock contacts must crush. With the high compression 
in both directions, the crushed rib could exert a large force to raise the edge 
of the slab. The broken zone was not removed to see what happened, but 
plastered with rubberized asphalt. 

Leakage.—A V-notch leakage weir is located on massive exposed granite 
in the streambed below the dam. The leakage has never exceeded the re- 
quired release and the maximum in 1957 was less than 2 cfs, Fig. 15. 


Lower Bear River Dam No, 2 


The No. 2 dam is a relatively small 150-foot high wing dam to the Main 
No. 1 dam, Fig. 11, 18 and 19. It is similar to Dam No. 1, but being of only 
150-foot height some economies and simplifications in design were made. 
The No. 2 dam will be discussed in relation to Lower Bear River Dam No. 1. 


Design 


Features the Same as Dam No. 1.—The overall specifications were the 
same, The placed rock thickness, crest width, face reinforcing and cutoff de- 
sign were alike. The vertical joints were the same, except that none were 2 
inch open. The 1 inch joint was considered more than necessary for this low 
dam with gradual profile but was used as a practical minimum. 

Features Different From Dam No. 1.—The primary difference in design 
is the upstream face slope of 1:1 as compared to 1.3:1 for Dam No, 1. For 
Dam No, 2, drill holes indicated that considerable earth overburden would 
have to be removed and minimum base thickness of dam was desirable. The 
1:1 slope was adopted as being economic and suitable for the entire 150 feet 
of height of Dam No. 2. It was believed that the 1:1 face would be more diffi- 
cult to construct. Observation of the simultaneous construction of the two 
dams of different face slopes indicated that unit costs should be about the 
same and placed rock was actually placed at a faster rate on Dam No. 2. 
Neither the “soft” horizontal joint nor the hinge slabs were considered neces- 
sary for the low height and gradual profile of this dam, and they were not 
used, Fewer horizontal joints were used and the crest alignment was straight. 

Horizontal Joints.—The horizontal joints are essentially construction cold 
joints with copper waterstop and the reinforcing does not pass through the 
joints. At elevation 5713 the joint is useful in providing articulation of the 
face slab and also as a construction joint. The slabs below el. 4713 were 
covered with two layers of 2 x 12-inch planks which were used as forms and 
the hole below el. 5713 was then backfilled with earth, Fig. 11 and 20. In ad- 
dition to providing a water seal the backfill gave construction road access for 
placing rock and concrete. The 5770 joint was for construction reasons. 


Construction 


Dumped Fill.—Dam No. 2 was constructed essentially in one lift, which be- 
came the haul road to Dam No. 1, Figs. 11 and 18. Quarry waste was dumped 
on the downstream face outside the downstream design slope of the dam to 
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give a wider haul road and one that was available while the top small lifts 
were being constructed. 

Placed Rock.—Fig. 11 shows the construction sequence. The lower placed 
rock of Stage 2 was placed from cranes operating from upstream of the cutoff 
or on the el. 5713 backfill. Stage 3 is an increment of construction where 
the placed rock was placed in lifts from a crane operating on the placed rock, 
dumped rock was then dumped and was caught by the placed rock. 

Concrete.—Concrete was all placed by buckets handled by cranes. Cranes 


near the cutoff serviced the lower 80-foot slab and cranes on the crest 
serviced the top slab, 


Performance 


Dam No, 2 has had no face cracks, no leakage and no maintenance in its 
first five years of service. Settlement has been very moderate. 

Settlement.—Settlement is shown by contours, section and tabulation on 
Fig. 20 and 21. The low settlement is associated with a dam, for which the 
Stage 1 main lift was used as a roadway to haul 800,000 cu. yds. of rock to 
Dam No, 1, Also, the main fill was completed in August 1951 and the water 
load applied one year and eight months later. The overfill of 176,000 cu. yds. 
of waste on a dam of 350,000 cu. yds. would have provided some resistance to 
horizontal deflection, but perhaps not to vertical settlement. 

The movements as shown on the settlement contour drawings of Fig. 20 
are much smaller than the movements of Salt Springs, but they have similar 
characteristics. The first year waterload settlement is greatest near four- 
tenths the height and the later aging settlement is greatest at the crest. Fig. 
20B indicates that the aging settlement is greater near the left abutment. The 
dam being dumped from right to left abutment, the left abutment fill did not 
obtain the compaction of the drag of the dumped slope to the extent that the 
right abutment did. The crest settlement due to both water load and aging is 
about the same for Sections 13 + 35 and 18 + 15 even though the Section at 
Station 18 + 15 is twice the height. If the abutment profiles had been the 
same, more specific comments on the effect of the direction of dumping on 
the settlement could be made. 

The sections and tabulation of Fig. 21 give a detailed record of the settle- 
ment during the first four years. The crest settlement of 0.21% for first 
year and total of 0.25% for four years, for the 140-foot high section at Station 
15 + 75, is low. 

Joint Movement.—The measurements across the 1 inch open vertical joints 
are not shown because there has been zero opening or closing of the joints. 
As has been commented on in discussing the Dam No, 1 joints, it takes a 
large force to close a vertical joint and the temperature stresses alone have 
not been great enough to cause the necessary crushing in and below the joint 
ribs. It appears that this dam could have been faced with a continuous slab 
without experiencing any cracking. 


CONCLUSION 


An attempt has been made to interpret and discuss the performance of the 
Salt Springs and Lower Bear River concrete face rockfill dams. However, 
the value of this paper is considered to be in the reasonably complete 

presentation of facts, from which the reader can draw his own conclusions. 
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The settlement data for these concrete face rockfills is of value to engi- 
neers engaged in design of core rockfill dams as well as dams having im- 
pervious face membranes. The movements essentially normal to the face 
should be similar to those for a sloping core rockfill. It is noted that the 
measured lateral movements of the concrete face are less than those of the 
underlying fill due to the resistance of the slabs and joints to movement. 

The lessons learned by a thorough examination of design, construction and 
performance of the Salt Springs and Lower Bear River Dams have made it 
possible to effect substantial savings in the cost of the Wishon and Courtright 
Dams, (29) without affecting the unquestionable safety of the dams. The design 


and construction of these dams is being covered in a separate paper in this 
Symposium, 


ORGANIZATION 


The design of the Pacific Gas and Electric Company’s Salt Springs Dam in 
1928 was under the direction of A. H. Markwart, then Chief Engineer, 
I, C. Steele, then Chief Civil Engineer, and Walter Dreyer, then Assistant 
Chief Civil Engineer. The design of the Lower Bear River Dams in 1950 was 
under the direction of I. C. Steele, then Vice President and Chief Engineer, 
and Walter Dreyer, then Chief Civil Engineer. Associated with the engineer- 
ing on both dams were T. J. Corwin and G. C, Green, and on Lower Bear 
River Dams, J. B. Cooke. 

Construction of Salt Springs was by Company forces under the direction of 
O. W. Peterson. Construction of the Lower Bear River Dams was by Utah 
Construction Company, and construction supervision by P. G. and E. Co. was 
directed by A. J. Swank, Vice-President in charge of General Construction 
and H. W. Haberkorn, Manager of Hydroelectric Construction, 
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ROCKFILL DAMS: THE DALLES CLOSURE DAM#@ 


Robert J. Pope! 
(Proc. Paper 1738) 


FOREWORD 


This paper is one of a group from the ASCE Symposium on Rockfill Dams, 
June, 1958, at Portland, Oregon. 

For purposes of this Symposium, a rockfill dam is considered to be one 
that relies on dumped rock as a major structural element. Included are rock- 
fill dams of the types with impervious face membranes, sloping earth cores, 
thin central cores, and thick central cores. 

The objective of the Symposium is to assemble experience data on the 
higher rockfill dams of all types along with discussion by engineers engaged 
on rockfill dam projects. It is hoped that this Symposium will contribute to- 
ward improved, more economic and higher rockfill dams of all types. 


ABSTRACT 


F i “Rockfill Dams: The Dalles Closure Dam” by Robert J. Pope. Construc- 
Fi tion of a closure dam for The Dalles project in 180-foot depth of water with 
flows up to 200,000 c.f.s. presented a problem solved by the design and con- 
struction of a rockfill structure, two-thirds of which was built under water 
without use of cofferdams. 


INTRODUCTION 


The Dalles Dam, located 192 river miles above the mouth of the Columbia 
River and about 3 miles above the City of The Dalles, is a multi-purpose 


Note: Discussion open until January 1, 1959. Separate discussions should be submitted 
for the individual papers in this symposium. To extend the closing date one month 
a written request must be filed with the Executive Secretary, ASCE. Paper 1738 is 
part of the copyrighted Journal of the Power Division, Proceedings of the American 
Society of Civil Engineers, Vol.84, No. PO 4 August, 1958. 

a. Presented at meeting of ASCE, June, 1958, Portland, Ore. 

1, Chf., Soils Eng. Section, Portland District Corps of Engrs., U. S. Dept. of 
the Army, Portland, Ore. 
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project in the interest of power, navigation and irrigation. The ultimate 
capacity of generated power will be 1,743,000 kilowatts, slack water naviga- 
tion is provided for over 20 river miles and minor irrigation and recreation 
benefits are also obtained. Construction of the project was started in 
February 1952, the closure dam was completed April 1957. Four of the tur- 
bines are currently in operation and completion of 14 turbines which will pro- 
vide an installed capacity of 1,119,000 kw is scheduled for November 1, 1960. 
Normal pool elevation is 160 and average tailwater elevation 74, furnishing a 
power head of about 86 feet. 

The aerial view of figure 1 shows the site for The Dalles Dam as it ap- 
peared in 1951 before start of construction. Bedrock at the site was formed 
as a series of superimposed basalt flows which are exposed as benches and 
cliffs on both sides of the river. The most significant structural feature is 
the Big Eddy fault which crosses the axis of the closure dam in the river chan- 
nel and undoubtedly is responsible for orientation of the channel. The river 
flow is deflected from west to south at Big Eddy through a restricted outlet, 
then turns back west along a narrow channel for five thousand feet, then 
makes a second § curve to resume its westerly course. 

A study of the site logically led to the location of the spillway designed to 
pass over 2 million c.f.s. and the powerhouse for ultimate development of 
1-3/4 million kilowatts on the rock shelf which was skirted by the river chan- 
nel on three sides. Plenty of room was available at this location for construc- 
tion with a minimum of cofferdaming while the river continued to flow in its 
main channel. An aerial photo, figure 2, taken in March 1956 shows the con- 
struction as of that date. The navigation lock, spillway, non-overflow dam 
and powerhouse structures are essentially complete. The only missing major 


structure for the project to be a closure dam at the narrow outlet from Big 
Eddy. 


General Plan 


At the location selected for the closure dam, the river was restricted to a 
width of about 600 feet, the narrowest point in the vicinity. The original depth 
of the river in this area varied from 120 to 180 feet. Approximately one mil- 
lion cubic yards of rock from preliminary powerhouse excavation had already 
been placed in the closure area, reducing the depth of water at the axis to 
about 55 feet. Upstream the river bottom dips down into the depths of the Big 
Eddy pool which was 200 feet in depth with a bottom elevation 118 feet below 
mean sea level. 

A rock and gravel embankment was the obvious choice for the type of 
structure at this location due to an abundant supply of these materials adjacent 
to the site. However, conventional construction methods, including cofferdams 
for dewatering the foundation presented difficulties which were readily ap- 
parent. 

The general plan developed for constructing the closure dam consisted of 
first constructing a dumped rock diversion fill to divert the river flow through 
eight skeleton units in the powerhouse, then completing the closure dam by 


raising the dumped rock fill and placing an impervious blanket on the upstream 
face. 
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ROCKFILL DAMS 
Schedule Limitations 


The most difficult aspect of design of The Dalles closure dam was develop- 
ment of a plan which could be scheduled for completion within rigid time 
limitations imposed by the duration of low water season for diversion through 
the powerhouse, weather conditions and a minimum of interference with river 
navigation and fish migration. 

The favorable low water season for construction on the Columbia River 
extends from October through February during which time the mean daily 
flow is approximately 100,000 cubic feet per second. Flows greater than 
200,000 cubic feet per second have not occurred prior to November 7, and 
flows greater than 300,000 cubic feet per second have not occurred prior to 
December 23. Ali winter floods are of short duration. The longer duration 
spring freshets due to snow melt, starts its rise after April 1, generally 
peaks during June and has produced peak flows as high as 1,240,000 cubic feet 
per second. It was, therefore, necessary to design the diversion fill so that it 
could be constructed during the early winter months, during possible winter 
flood flows up to 300,000 cubic feet per second. It was also necessary to have 
the closure dam sufficiently complete to close the gates to the skeleton units 
of the powerhouse and raise the pool to pass the flow over the spillway prior 
to the spring freshet, as flood flows in excess of 300,000 c.f.s. through the 
powerhouse would threaten serious damage. This was because the structure 
could not be designed for summer floods. 

Since barge traffic on the river is an important factor in the regional 
economy, it was necessary to hold to a minimum the time of closure to this 
traffic. Before construction of The Dalles Dam, navigation of the river for 
about 12 miles of non-navigable river had been bypassed through The Dalles- 
Celilo canal with its entrance just downstream of the closure damsite. The 
actual time of closure to barge traffic was less than 3 months. This was ac- 
complished by permitting continued operation of The Dalles-Celilo Canal until 
necessary to close the gap for completion of the dam. A transfer pipeline was 
also provided from below the dam to the canal above to permit continued 
movement of petroleum products during the short period of navigation inter- 
ruption. 

A more-or-less continuous migration of salmon and steelhead up the 
Columbia River to spawning beds above the dam site occurs from late April 
through October. Since obstruction of these runs would result in considerable 
economical and recreational loss to the region, obstruction of the river chan- 
nel had to be delayed until October and the pool raised by the following April 
to enable operation of the fish passing facilities. This would avoid the ex- 
pense and difficult operations of temporary fish passage facilities. 

Fortunately the favorable construction season with regard to river flows, 
navigation and fish migration coincided reasonably well. However, these re- 
strictions imposed a 6-month schedule for the placement of almost 2,000,000 
cubic yards of material in the main part of the closure dam during the winter 
season with severe winter weather and high river flows probable during the 
last 4 months. It was therefore necessary to facilitate construction in every 
possible way. Construction procedures were planned so that occurrence of 
normal winter floods or icing conditions would cause only minor interference 
with the schedule and emergency measures were planned to assure sufficient 
completion to allow closure of the powerhouse diversion even in the event of 
the occurrence of a record winter flood. 
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Diversion Scheme 


Completion within the required time was dependent upon development of a 
diversion method which could be rapidly completed with certainty under all 
expected river and weather conditions. Previous river diversions of the 
Columbia and Pend Orielle Rivers had been end dumped using rock varying in 
maximum weight from 5 to 35 tons, or constructed with tetrahedons placed 
from overhead cableways. The use of heavy rock or similar construction 
methods were considered necessary during early planning for The Dalles 
diversion fill. However, further study indicated considerable advantage could 
be obtained by the construction of an adequate diversion channel to the skele- 
ton units of the powerhouse. Excavation of a diversion channel 695 feet in 
width with a bottom elevation of 60 reduced the head required for diversion 
and actually permitted 25 percent of the river to flow through the 8 skeleton 
units of the powerhouse before the diversion fill was started. An increased 
width of diversion fill was also advantageous in that it reduced the gradient 
through the closure gap and in addition, provided adequate working width for 
the contractors operations on the fill. An increased width of diversion fill 
was economically feasable because the diversion fill was to be incorporated 
into the completed closure dam. Construction of a fill approximately 250 feet 
in width with an upstream leading edge created more favorable hydraulic con- 
ditions, by dissipating most of the energy at the upstream edge which permit- 
ted the smaller rock to be deposited downstream but within the width of 
diversion fill. 

Because of the limited time available for construction of the diversion and 
unusual channel and hydraulic conditions, a series of model studies were con- 
ducted at the Bonneville Hydraulic Laboratory. The studies were made ina 
1:40 scale model of the closure area. A number of variations in the con- 
struction method were studied including various rock sizes and different 
placement procedures. These studies varified the feasibility of constructing 
the diversion fill by end-dumping methods and demonstrated that a closure 
could be made using quarry-run rock having a maximum size of 1,000 pounds. 


Blanket Design 


Design of the upstream blanket sections was governed by the usual criteria 
regarding slope and foundation stability, seepage control and filter protection. 
Since construction time was of the essence, complicating refinements in sec- 
tion were avoided to the fullest possible extent and serious consideration was 
given to the practical limitations inherent in underwater work with respect 

to segregation of materials during placement, the difficulty of inspection, and 
the probable accuracy of underwater survey measurements. 

Extensive explorations were conducted in search for materials suitable for 
blanketing the upstream face of the rockfill dam. These explorations revealed 
adequate supplies of poorly graded, sandy gravels; well graded, sandy gravels; 
and an abundance of non-plastic silts and fine sands. Silts and fine sands were 
considered undesirable for underwater placement because of flat slopes re- 
quired and sensitivity to flow slides. Design of the blanket section and selec- 
tion of materials was dependent on first determining the method for under- 
water placement of materials. Serious consideration was given to devising 
methods for placement which would minimize segregation and insure stable 
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construction slopes. Most of the methods considered had disadvantages of 
slow construction rates, high costs, or required special equipment which 
would be expensive, untested and unfamiliar to the contractors. The method 
considered most feasible was to place all underwater material by end- 
dumping at the water surface or slightly above except for a minimum width of 
upstream blanket which would be lowered in place. All underwater slopes 
were built on the natural angle of repose of the dumped materials except the 
final outside slopes of the completed dam. This method limited the choice of 
blanket materials to granular materials with non-plastic fines which would 
assume reasonably steep underwater slopes without incurring danger of large 
slump failures during construction. End dumping and building slopes on the 
natural underwater angle of repose had the advantage of low cost, fast place- 
ment rate and required a minimum of underwater survey control. 

A typical cross section of the Closure Dam is shown on figure 6. The top 
of the dam is 295 feet above the upstream toe of the blanket material and the 
length of dam approximately 2,000 feet. The upstream slope is 1 on 2 above 
elevation 90 and 1 on 2.3 below elevation 90, the major portion of which was 
constructed underwater. The downstream slope is 1 on 1.5. Top width of the 
dam is 30 feet to accommodate road and railroad access to the upper deck of 
the powerhouse. A berm on the downstream slope provides access to the 
lower deck of the powerhouse, Base width is approximately 1,200 feet. The 
section below elevation 90, approximately 75 percent of the cross sectional 
area in the river channel, was designed to obtain the greatest possible advan- 
tage of the rapid placing rates made possible by end dumping methods. 

Materials of the various zones grade in coarseness from quarry-run rock 
to sandy gravel. Each zone acts as a filter for the next adjacent upstream 
zone of finer material. Rock from preliminary powerhouse and cofferdam 
excavations which was placed in the closure area to approximately elevation 
20 during the early stages of construction was dumped by truck from a barge 
anchored in the river for a pontoon roadway. The maximum depth of this fill 
was about 125 feet which left 55 feet depth of water over the fill at low river 
flow. The remaining quarry run rock and spalls for the embankment came 
from a quarry on the Oregon shore near the end of the abutment. The rock 
was a hard, durable basalt with a unit weight of 175 to 180 pounds per cubic 
foot. The rock was used in quarry run sizes which ranged from 200 to 300 
pound average weight. Rock spalls were reasonably well graded with a 12- 
inch maximum size. Rockfill and spalls placed above the water surface were 
spread in layers 3 to 5 feet in thickness depending on the maximum size of 
rock and compacted with the spreading and hauling equipment. 

Gravel was obtained from a river bar deposit about 3 miles upstream of 
the dam. Material from this source consisted of skip graded sandy gravel 
with a maximum size of about 4-inches and lacking material between the No. 
4 and 30 mesh screen size. The gravel was used as it came from the pit, 
placed below water by end dumping off the edge of the fill and above water, 
spread in layers 18-inches thick, and compacted with 2 passes of a 50-ton 
rubber tired roller. 

The upstream blanket was constructed of sandy gravel obtained from a high 
terrace deposit about 3 miles east of the site. This material was a well 
graded sandy gravel containing about 35 to 50 percent sand. The blanket ma- 
terials were placed in the same way as the gravel except that the outer wedge 
be low elevation 90 was lowered into piace so as to prevent segregation and 
thereby insure that the coarse materials which accumulated at the base of the 
dumped material would be adequately blanketed. 
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Providing stability against sliding of a dam constructed entirely of granu- 
lar materials in the manner described is a relatively simple problem. A 
safety factor of 1.0 against surface slides is inherent in the method of under- 
water construction of slopes on the natural angle of repose. Flattening the 
finished upstream anc downstream slopes increased the minimum safety 
factor to 1.5 or better for any applicable condition of analysis. The safety 
factor of the upstream slope is further increased with a normal reservoir 
level due to the sloping upstream impervious blanket. 

Laboratory permeability tests on the sandy gravel blanket material indi- 
cated a permeability ratio of from 12 to 20 x 10-3 feet per minute. This is 
many times faster than the permeability usually considered necessary for an 
impervious zone, but the computed seepage loss of 100 to 170 c.f.s, through 
the newly completed blanket was expected to decrease considerably with time 
as silt is deposited on the outer slope. 


Foundation Exploration 


Preliminary foundation explorations in the closure channel had been 
limited in extent due to the difficulties of underwater explorations, obvious 
exposures of solid basalt rock on each side of the channel and because it was 
expected that the high river velocities in the channel would keep the river bot- 
tom swept clean. This had been partially verified by a few difficult and costly 
inspections made by a team of divers in 1945. When more detailed informa- 
tion was required for final design, it was found that the river currents were 
too swift in many areas to obtain a reasonably complete examination of the 
river bottom by use of divers. A closed circuit television camera in a water- 
tight case operated on cables from a barge was then utilized to survey the bed 
of the river. 

The camera was operated in swift water by first lowering a heavily 
weighted anchor line to the river bottom. The camera was then lowered with 
slip rings attached to the anchor line. The camera was mounted in a tripod 
frame provided with lights for underwater illumination as shown on figure 3. 
Record photographs of the foundation conditions were made from the TV moni- 
tor screen. Riverbed materials were identifiable on the television screen as 
shown in the photograph of figure 4. 

Considerable information was quickly and economically obtained by use of 
the underwater television camera. It was learned that approximately one- 
third of the foundation was covered by sand or gravel, and boulder deposits 
were found at the base of steep underwater cliffs. The upstream toe of the 
rock fill placed during powerhouse excavation was carefully mapped. Annual 
surveys by both TV camera and hydrographic surveys were conducted follow - 
ing each spring freshet to observe if any erosion of the fill had occured and 
the amount and nature of any deposition in front of the fill. The rock fill with- 
stood four annual flood flows before completion of the closure without appreci- 
able erosion and a maximum of 7 feet of coarse gravel was deposited adjacent 
to the upstream toe of fill. Underwater mapping with the TV camera eliminat- 
ed areas of exposed bedrock from further exploration and difficult and costly 
drilling was restricted to gravel and sand areas. The next step was to deter- 
mine the depth, gradation and permeability of the alluvial material. Consider - 
able difficulty was experienced in obtaining suitable borings due to swift river 
currents and water depths of 100 to 120 feet. Drilling was accomplished by 
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NX DRILL ROOD 


DRILL ROD TO CASING 
DRAIN HOLE 
PLUG WATER PASSAGE 


NX FLUSH JOINT CASING 


CLOSED AND WELDED 
TO A POINT 


FIG. 5 - Side Intake Sampler 


operating through the center well of a barge. An outer 6-inch casing, guyed 
near the bottom and midpoint, was lowered and seated into the riverbed. A 
4-inch casing was lowered inside this and the boring and inside casing ad- 
vanced to bedrock by the usual methods of chopping, washing and driving. 
Bedrock was cored with a diamond bit. 

Samples of overburden sands and gravels were obtained as the 4-inch cas- 
ing was withdrawn using a side-intake soil sampler which was shop built from 
a 3-foot section of NX flush joint casing as shown on figure 5. This sampler 
was lowered on the drill rods to the elevation at which a sample was desired 
and the 4-inch casing then raised until the bottom was above the opening in 
the sampler, but not above the top shoulder of the sampler. The sampler was 
then rotated slightly and withdrawn. A total of 23 borings were made in the 
river bottom of which 12 were sampled by the above method. In addition to 
the borings, the top of rock was sounded by probings to define the edges of the 
fault. Consistent results were obtained by the above sampling method and it 
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is believed that the samples obtained were representative of foundation mate- 
rials, although the opening in the sampler would not permit the entrance of 
stones over 3 inches in diameter. 

The river channel explorations revealed a gravel filled fault 90 to 130 feet 
in width and up to 80 feet in depth, extending from approximately the center- 
line of the dam to the bottom of Big Eddy. A barrier across the fault at ap- 
proximately the centerline of the dam prevented the sand and gravel filling 
from being transported downstream. Rock walls of the fault are evidently 
very steep. One boring located at the edge of the fault broke through rock 
into underlying gravel which indicated the presence of an overhanging rock 
wall. The fault is filled with stratified deposits of fine sand, skip-graded 
sandy gravel and coarse open gravel. 


Foundation Studies and Treatment 


The amount of seepage and the location and magnitude of critical seepage 
gradients in the sand and gravel filled fault were studied with the aid of flow 
nets based on somewhat simplified foundation conditions as found from the 
river borings. For this purpose the gravel filled fault was divided into 4 
strata based on average relative permeability ratios. The flow nets were 
considered only approximations of the actual seepage pattern, but they indi- 
cated locations of critical areas and the relative values of gradients and 
seepage quantities. Permeability ratios used in the flow nets were obtained 
from laboratory permeability tests performed on samples obtained in the 
side-intake sampler. 

The flow nets drawn to represent seepage conditions in the gravel and sand 
beneath the closure dam without any foundation treatment such as the blanket 
extension shown on figure 6, indicated seepage gradients sufficient to cause 
migration of the fine sands in the foundation into the gravel and rock zones. 
Such piping would not greatly endanger the stability of the closure, but could 
result in subsidence of the foundation under the blanket and gravel zones suf- 
ficient to disturb the blanket and cause concentrated leakage which would be 
difficult to correct. 

Corrective methods studied included an upstream blanket, placement of 
graded filters to prevent transportation of fines, a pile cut-off to rock and a 
partial cutoff trench. The plan of blanketing the area upstream from the toe 
of the dam was adopted as the most practical and economical for underwater 
construction. The blanket is an extension of the lowered-in-place portion of 
the blanket zone, and constructed using the same well graded sandy gravel and 
placed by the same method. The blanket extends upstream from the toe of the 
dam for a distance of approximately 250 feet. The seepage gradients under 
the blanket and gravel zones of the dam were effectively reduced, and the esti- 


mated quantity of seepage through the foundation was reduced from 260 to 110 
cubic feet per second. 


Construction 


A contract for construction of the closure dam was awarded in October 
1955. This allowed nearly a year for construction of haul roads to the borrow 
areas and quarry site and for construction of a portion of the dam at the left 
abutment. The diversion fill was started September 10, 1956 by dumping rock 
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in the main river channel from the Oregon shore. The actual diversion 
closely followed the method which had been verified by model study. A 240- 
foot frontal width of fill provided adequate space for an expedited rock place- 
ment program. The upstream edge of the fill was maintained slightly in the 
lead to minimize loss of rock outside the dam section as the model study had 
demonstrated. The final 25-foot width of river channel was closed in a period 
of 90 minutes on October 17, 1956 by concentrating all dumping at a 60-foot 
wide leading edge. During this critical stage of closure the river flow was 
111,000 c.f.s. and a head of approximately 4 feet through the closure gap 
created velocities of about 12 feet per second. The photograph of figure 7 
shows the diversion fill nearing completion. 

End dumping of spalls and gravel followed advancement of the diversion fill 
as closely as river velocities through the remaining gap would permit. All 
material to be dumped under water was first dumped on the edge of the fill 
and then dozed over the shoulder which was maintained not more than 5 feet 
above the water surface. These precautions assured under water slopes cn 
the natural angle of repose. No difficulty was experienced with shoulders 
breaking back or slides within placed material. The under water dumped 
angle of repose of the gravel averaged 1 on 1.8, blanket material 1 on 1.7, 
and rock or spalis 1 on 1.3. Material for the lowered in place blanket and 
upstream blanket extension was placed by use of 12-cubic yard skips lowered 
with a 100-ton derrick barge. The skips were not dumped until in contact 
with the bottom in order to minimize segregation during placement. 

Under water inspections were conducted by divers at the completion of 
each stage of blanketing. Particular attention was given to all areas at which 
the blankets contacted steep under water slopes at the sides of the deep chan- 
nel and adjacent to the Oregon and Washington shores. These inspections re- 
vealed unfilled rock overhangs and unblanketed talus slopes at the base of un- 
der water cliffs. Gravel was packed into the rock overhangs by jetting and 
additional blanket material was placed adjacent to the contact areas in the 
form of fillets to assure adequate sealing at these critical zones. 

Under water surveys prior to start of construction were conducted mainly 
with sonic depth finders, but construction surveys by lead line for greater 
accuracy were feasible due to the existence of quiet water after diversion had 
been accomplished. 

The closure dam was essentially complete in time for the scheduled filling 
of the reservoir. The pool was raised in two increments. On March 10, 1957 
at 10:00 AM the 8 intake gates in the diversion powerhouse units were simul- 
taneously closed, and in 4-1/2 hours the pool had raised approximately 40 
feet to spillway elevation 121. On the following weekend, March 15 and 16, 
the spillway gates were lowered and the pool raised to elevation 155. Naviga- 
tion was then restored through the new navigation lock and the fish passage 
facilities placed in operation in time for the spring salmon run. A full pool 
elevation of 160 was delayed until July 17 in order to complete necessary re- 
visions on an upstream railroad bridge. Figure 8 shows the closure dam 
essentially complete with the pool at elevation 155. 


Performance Record 


The only observable leakage since completion occurred on the Oregon 
shore between the left abutment and the old ship canal. Leakage of about 
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100 gallons per minute at the extreme end of the abutment was sealed by 
grouting joints in the rock which probably had been loosened by railroad con- 
struction. Considerable leakage was observed in the old ship canal when the 
pool was first raised, but no attempt was made to stop this leakage. It is 
probable that the total leakage through and under the dam is less than was an- 
ticipated because no salmon have been attracted to the pool at the downstream 
toe of the dam as would be the case if appreciable flow still occurred. 

Settlement hubs along the top of the dam indicate about 0.5 foot of settle- 
ment occurred in a 3-week period during and immediately following raising 
of the pool. About 1 foot additional settlement has occurred in the following 
14 months at a gradually diminishing rate. The settlement has been propor- 
tional to the depth of fill as would be expected and has been slightly less than 
anticipated. 
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FOREWORD 


This paper is one of a group from the ASCE Symposium on Rock#iu! Dams, 
June, 1958, at Portland, Oregon. 

For purposes of this Symposium, a rockfill dam is considered to be one 
that relies on dumped rock as a major structural element. Included are rock- 
fill dams of the types with impervious face membranes, sloping earth cores, 
thin central cores, and thick central cores. 

The objective of the Symposium is to assemble experience data on the 
higher rockfill dams of all types along with discussion by engineers engaged 
on rockfill dam projects. It is hoped that this Symposium will contribute to- 
ward improved, more economic and higher rockfill dams of all types. 


SYNOPSIS 


This paper reviews present practices. It develops a definition, classifica- 
tion and terminology for such dams and for those using earth in addition to 
rock fill. It discusses the advantages of deck-type dams; also settlement and 
economy of rock-fill dams. In its appendix it lists rock-fill dams constructed 
in the United States and in foreign countries. 


Unlike most, if not all, of the other papers forming parts of this symposium 


Note: Discussion open until January 1 1959. Separate discussions should be submitted 

for the individual papers in this symposium. To extend the closing date one month, 
a written request must be filed with the Executive Secretary, ASCE. Paper 1739 is 
part of the copyrighted Journal of the Power Division, Proceedings of the American 
Society of Civil Engineers, Vol. 84, No. PO 4, August, 1958. 
Presented at meeting of ASCE, Portland, Ore., June, 1958. 
Cons. Engr., 50 Church St., New York 7, N. Y. 

- Cons. Engr., 50 Church St., New York 7, N. Y. 

. Cons. Engr., 50 Church St., New York 7, N. Y. 
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on rock-fill dams, the authors treat herein the broader aspects of dam con- 
struction of that type. 

Constructed as expedients during pioneer days in the West, several of 
those early, though smaller, rock-fill dams remain as functioning monuments 
to ingenuity and engineering enterprise. Since the close of World War II, 
rock-fill dams have increasingly received attention. Their importance is 
attested by the symposium of which this paper is a part. 

There is of course ample justification for this interest in rock-fill dams. 
Primarily it lies in the resultant economy, but not in that alone. It is fair to 
say that various important dams constructed since that war would not exist 
were it not that selection of the rock-fill type made the construction economi- 
cally feasible. 

In former years a natural and perhaps laudable conservatism on the part 
of dam designers, seemingly justified by some failures, caused them to 
shrink from investing millions in large dams consisting mainly of what could 
be called a heap of loose rock, while in many instances a dam constructed of 
concrete could be had for nearly the same cost. Perhaps with some persons 
a like feeling still persists. 

Chiefly responsible for the present-day favorable cost aspect of rock-fill 
dams is the fact that this type of construction is so well adapted to mechaniza- 
tion. Large-capacity quarry shovels and dump trucks, for loading and trans- 
porting the loose rock, permit construction rapidly, at a relatively low unit 
cost and with a minimum of personnel. 

Also there is the fact that utilization of Nature’s construction material, 
where plentifully available at or near the damsites, creates a situation well- 
nigh ideal for damsites which are not easily accessible. That is true, not 
only in the United States, where most of the readily accessible and otherwise 
desirable damsites are already in use, but also, as to dam-building in foreign 


countries. Thus over the last 10 years more high rock-fill dams have been 
constructed abroad than in our country. 


A. Proposed Definition of Rock-Fill Dam 


The name “rock-fill dam” is commonly applied to any dam in which rock 
fill is used. However, that name has been applied to various dams which, al- 
though utilizing rock fill, could more justifiably be designated otherwise, e.g., 
as earth dams or rubble masonry dams. 

The term, ‘rock-fill dam,” necessarily implies the use of two different 
materials, each having its own function. That is, a structure of rock fill alone 
will constitute an obstruction, but not a complete barrier, to stream flow. It 
can not truly constitute a dam. 

An unsuccessful attempt to make rock fill alone constitute a dam occurred 
in the case of the Littlefield dam, on the Virgin River, Arizona, where natural 
silting was relied upon to seal the interstices of a rock fill and hence to pro- 
vide impermeability. However, when construction had advanced to a height of 
126 ft., or 11 ft. below the ultimate crest, a flood washed out the rock fill, 
well before the stage of overtopping had been reached (Western Construction 
News, Nov. 29, 1929, p. 618). In short, for a dam of rock fill, there is needed 
a second material, in order to make the structure impervious. 

As yet no adequate definition of a rock-fill dam appears to exist, but the 


foreword to the papers of this symposium contains a suggestion believed to 
be worthy of development. 
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Criteria 


It is proposed that the criteria for formulating an appropriate definition of 
a rock-fill dam be three-fold: 


1. The material comprising the fill is loose rock, mainly taken at random, 
whether from a quarry or other source. 

Although the material is usually derived from quarrying operations, 
it is not the intention to exclude the use of natural rock slides or talus 
or rock from excavations for structures. In short, it is proposed that, 
to qualify as rock fill, the material consist of pieces of rock of various 


mixed sizes, obtained from whatever source is most convenient and 
economical. 


. The material is placed in the dam largely or entirely by dumping, re- 
gardless of whether the layers of such placing (usually referred to as 
“lifts”) are relatively thin or thick and regardless of method of com- 
paction—mechanical, sluicing or otherwise. 

This criterion would exclude dams constructed in the main of indi- 
vidually-placed rock. Such latter dams are actually rubble or dry- 
masonry dams and should not be called rock-fill dams. 


The rock fill constitutes the major portion, i.e., at least 50%, of the 
maximum cross-section of the dam. 

This would exclude dams in which some other material, usually im- 
pervious (and usually rolled) earth, occupies more than half of the cross- 
sectional area. By “cross-sectional area” there is here meant the area 
of the maximum cross-section of the dam above a horizontal, or nearly 
horizontal, line which intersects the upstream and downstream slopes of 
the dam and which in general separates the man-made structure from 
Nature’s materials upon which the dam is founded. 

For the purpose in point, material below such line, of whatever kind, 
would not be considered to be part of the pertinent cross-sectional area. 

Dams with very wide central earth cores, occupying more than half 
of the cross-sectional area, should be considered in reality to be earth 
dams, even though the material on each side of the earth core be rock 
fill. 

Likewise, dams sometimes referred to as being of a composite or 
combination type, that is, with an upstream section of rolled earth and 
a downstream section of rock fill, would be designated “rock-fill dams” 
only if the earth section were less in area than the rock-fill section. 

It is of course true that the proposed 50% dividing line is somewhat 
arbitrary and that rock-fill problems are just as real even though the 
rock fill may occupy less than 50% of the cross-sectional area. How- 
ever, particularly for the purpose of distinguishing between earth-fill 
and rock-fill dams, the selection of the 50% point would be logical. 

Proposed Definition 
Based on the foregoing, the authors propose the following definition of a 
rock-fill dam: 


A rock-fill dam is one of which at least half the material in the 
maximum cross-section is comprised of loose rock placed by dumping. 


In Section C hereof, there are illustrations of the application of such defini- 


tion to various forms of ‘fill’ dams which utilize rock fill as a primary struc- 
tural element. 
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B. Basic Types of Rock-Fill Dams 


Rock -fill dams must be provided with an impervious portion or diaphragm 
—not necessarily a relatively thin one. Consequently the designation of basic 
type of rock-fill dam may logically be in terms of the location of the dia- 
phragm in relation to the body of the dam. Thus there are two basic types, 
viz., the deck type and the central-core type. Of these, the former is be- 
lieved to be the older. 


1. Deck Type of Rock-Fill Dams 

The general characteristic of this type of dam is that the impervious dia- 
phragm, regardless of material used, is a deck on the upstream side of the 
body of the rock fill. The deck is relatively thin except generally when it is 
of earth without an upstream covering of rock. 

Although the very highest rock-fill dams in the world are of the central- 


core type using earth, those of the deck type, in some cases nearly as high, 
are more numerous. 


Deck Material 


Various materials have been used in the construction of the impervious 
decks of rock-fill dams, with refinement to suit the taste of the designers or 
to follow contemporary habit and experience elsewhere. 

It is not within the scope of this paper to discuss the details of construction 
of such decks; that has been done in other papers constituting parts of the 
symposium. A mere summary will suffice: 


Wood 


Planks are nailed onto wooden beams embedded in the upstream surface of 
the rock fill, which surface generally has been smoothed with a coating of 
portland cement mortar. 

There are several dams with such decks of wood. J. D. Galloway in his 
paper on rock-fill dams (Trans., ASCE, Vol. 104, p. 18) stated that one of the 
advantages of wooden decks is flexibility. Existing examples are: 


Hillside dam, 80 ft., California, 1904 
Cucharas dam, 125 ft., Colorado, 1911 
Saddle Bag dam, 47 ft., California, 1921 
Torron dam, Sweden, 1936 


Steel 


Steel plates, provided with expansion joints, are fastened to steel beams 
embedded in the surface of the rock fill, similarly smoothed by means of 
cement mortar. 


Details are described in “Steel dams,” by O. E. Hovey. Examples of steel- 
deck dams are: 


Skaguay dam, 70 ft., Colorado, 1901 

Goose Neck dam, 210 ft., Colorado, 1910 
Penrose-Rosemont dam, 100 ft., Colorado, 1932 
Pego do Altar dam, 213 ft., Portugal, 1949 


Earth (see Section C hereof, illustrative cross-sections 2 and 3). 
The impervious ‘diaphragm’ is comprised of earth fill, deposited (with ap- 
propriate transition zones) on the upstream side of the rock fill, then rolled 
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for compaction and impermeability. This type utilizes solely Nature’s mate- 
rials, frequently in unaltered form, as found at or near the damsite. 

Admittedly this type of dam is ordinarily not thought of as a deck type. 
However, functionally such use of earth fill is believed to compel classifica- 
tion as a deck type. 

This is true even where additional loose rock is deposited over the up- 
stream or outer face of a relatively thin, rolled-earth ‘diaphragm,’ not merely 
to protect the earth from wave action but also to ensure its stability. In such 
dams the use of the presumably more expensive of the two materials is mini- 
mized. Dams of this logically evolved sub-type (see Section C, cross-section 
2) are frequently referred to as having a “sloping earth core.” The principal 
exponent in North America of this sub-type has been James P. Growdon, 

M. ASCE. 


Examples of dams with this relatively thin form of rolled-earth deck are: 


Sillre dam, 26 ft., Sweden, 1933 

Nantahala dam, 250 ft., North Carolina, 1942 
Kenney dam, 324 ft., Canada, 1952 

Brownlee dam, 395 ft., Idaho, under construction 


The dams with thicker sections of earth (see Section C, cross-section 3), 
which have no outer covering of rock (beyond ordinary rip-rap) and which, by 
reason of the proportions of cross-sectional areas, must be classified as 
rock-fill dams, are likewise in essence of the deck type. In these dams the 
upstream slope of the rock fill usually averages steeper than the natural one 
of dumped rock on the upstream face of the rock fill. 

Examples of dams with this relatively thick form of earth deck are: 


Ashton dam, 60 ft., Idaho, 1917 
Inland dam, 195 ft., Alabama, 1938 
Barre Falls dam, 62 ft., Massachusetts, u.c. 


In rock-fill dams involving earth decks—as also in the cases of those with 
central cores of earth—there must be transition or ‘filtering’ zones in which 
there is gradation from rock fill to earth. 

In this connection it may be noted that similar dams, with the thicker earth 
fills on the upstream side, have been constructed by the Bureau of Reclama- 
tion, but with the downstream portion of the dams comprised of gravel and 
other pervious material instead of rock fill. 


Portland Cement Concrete 

The deck material most commonly used has been portland cement (p.c.) 
concrete. At present, the usual practice is to cast the concrete in panels 
upon—largely integrally with—a relatively smooth base formed by individually 
placed pieces of rock over the rough upstream surface of the rock fill proper. 

That base is comparatively costly, but serves added purposes, of which the 
most important and certain is that of providing an upstream slope steeper 
than the natural slope of dumped rock. This reduces volume as regards both 
the p.c. concrete and the rock fill itself. 

However, there is also a p.c. concrete deck which, apparently without any 
ill effect, has been placed upon a thick layer of loose, washed gravel, overly- 
ing the rock fill proper, namely, in the case of Cogoti dam, Chile (Engineer - 
ing News-Record, Nov. 5, 1931, p. 725). 

In the United States the principal constructor of rock-fill dams with p.c. 
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concrete decks has been Pacific Gas and Electric Company in California. 
Prominent examples of dams with decks of p.c. concrete are: 


Dix River dam, 275 ft., Kentucky, 1925 

Salt Springs dam, 328 ft., California, 1931 
San Gabriel #1 dam, 300 ft., California, 1938 
Pinzanes dam, 220 ft., Mexico, 1956 
Courtright dam, 310 ft., California, 1958 


Asphaltic Concrete 
The suitably prepared upstream face of the rock fill is paved with several 
layers of asphaltic concrete so as to form the impervious deck. 


The only examples of dams with decks solely of asphaltic concrete appear 
to be: 


Montgomery dam,* 113 ft., Colorado, 1957 
Smith Mountain dam, 235 ft., Virginia, under construction. 


Asphaltic concrete, as a material for the construction of decks for dams 
comprised of rock, has been used in foreign countries, although not in the 
form used at Montgomery dam or to be used at the Smith Mountain dam. In 
no case is the deck known to be solely of asphaltic concrete. Some of such 
dams are of rubble masonry. 


Following are examples of those foreign dams which are known to be true 
rock-fill dams:** 


Caritaya dam, 125 ft., Chile, 1935 
Genkel dam, 140 ft., Germany, 1952 
Henne dam, 200 ft., Germany, 1954 
Iril-Emda dam, 246 ft., Algeria, 1954 


2. Central-Core Type of Rock-Fill Dams 

Central-core, rock-fill dams are those having the impervious portion or 
diaphragm located at or near the vertical center line of the body of the rock- 
filldam. Further subdivision of this type may be made depending on the na- 
ture of the core, including its material, e.g., those with relatively thin, cen- 
tral core-walls, generally of some material other than earth, and those with 
relatively thick central cores, of earth. 


Central Core-Walls 


The thin, central-core wall is probably a descendent of very old earth dams 
and dikes, including Dutch dikes constructed several hundred years ago. 


* Detailed description appears in a paper by the authors, entitled: “Mont- 
gomery Dam—Rockfill with Asphaltic Concrete Deck” (Journal of Power 
Division, ASCE, February, 1958, Paper 1556). See also a paper presented 
by them at the February 1958 Annual Meeting of Association of Asphalt Pav- 
ing Technologists, Montreal, Canada, entitled: “Laboratory Investigation of 
Asphaltic Concrete—Montgomery Dam, Colorado.” The engineers for the 
owner, the City of Colorado Springs, Colo., were Black & Veatch, Consult- 
ing Engineers, Kansas City, Mo., to whom the office of F. W. Scheidenhelm, 
including the co-authors of this paper, served as consultants. 

** For more extensive listing, see Journal of Power Division, ASCE, Febru- 
ary 1958, Paper 1556, p. 10. 
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At a time when compaction of earth was accomplished as well as possible, 
but, as compared with present day means, in a primitive manner, the control- 
ling thought was that a dam or dike constructed of earth alone could not surely 
be made watertight and that the mere insertion, vertically, of a thin wall of 
impervious material, approximately along the center line, would make it so. 

Because earth slopes as flat as 1 (vertical) on 4 or 5 (horizontal) were 
then customary, many such dams were successful. However, when economy 
demanded steeper slopes, now and then some bitter experience resulted. 

The use of thin, central core-walls in earth dams of whatever height has 
practically disappeared and their use for rock-fill dams is becoming very 
rare, even for relatively low dams. In both cases, the basic reason may be 
that the material of the fill upstream from the thin, central core is completely 
submerged and in any case contributes nothing to the stability of the dam. In 
fact, it adds to the horizontal water pressure against the core-wall and the 
downstream portion of the fill and thereby reduces the margin of safety. 

In such central core-wall, rock-fill dams as exist, the material for the 
core-walls has been reinforced concrete, plate steel and wood or combina- 
tions thereof. None of these materials combines strength, flexibility and dur- 
ability to a degree sufficient to warrant burial inaccessibly in the interior of a 
dam. 


Existing examples of central core-wall, rock-fill dams are: 


East Canyon dam, 93 ft., Utah, 1899 

Crane Valley dam, 145 ft., California, 1910 
Smith dam, 43 ft., Colorado, 1916 
Silverwood dam, 80 ft., Australia, 1928. 


Central Cores of Earth 


A major improvement, particularly for high dams, is the use of a thick, 
rolled-earth, central core. It is of course still true that the completely sub- 
merged upstream rock fill adds to the horizontal water load against the body 
of the dam proper (core plus downstream rock fill). However, the thick earth 
core, together with adjacent rock fill, lends itself more readily to stability 
computations, approximating those usually made for conventional gravity-type 
dams of p.c. concrete. The rock-fill sections confine the steep earth slopes 
(with their appropriate intervening zones of transition from coarse rock to 
earth). 

The highest rock-fill dams are of such construction. Examples of rock- 
fill dams with central cores of rolled-earth are: 


Mud Mountain dam, 425 ft., Washington, 1948 
Ambuklao dam, 420 ft., Philippines, 1955 
Derbendi Khan dam, 410 ft., Iraq, u.c. 
Trinity dam, 537 ft., California, u.c. 


Hydraulically-placed or sluiced-earth fill, instead of rolled-earth fill, has 
been used for the construction of the impervious interior of at least two dams, 
which, because of the ‘shoulder’ of rock on each side of the hydraulic fill, 
have the appearance of rock-fill dams. These are the El Capitan (California) 
dam and the Cobble Mountain (Massachusetts) dam. However, under the defi- 


nition of rock-fill dams, i.e., because of preponderance of earth, each must be 
classed as an earth-fill dam. 
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C. Classification and Terminology 


There are few structures concerning which there is so much confusion in 
terminology as is true of rock-fill, particularly those in which earth is used. 
This is evident in casual references but also in more carefully considered 
correspondence and in the pertinent engineering press. 

In the absence of a cross-sectional sketch of a given dam and of accepted 
terminology, it may be impossible to determine just what type of dam is in- 
volved. Frequently the desire for brevity results in ambiguity or vagueness. 
Surely such characterization as “a rock fill earth fill” structure lacks the 
preciseness which is generally typical of an engineer. 

The authors believe that the illustrated classification, with terminology, 
below may be as helpful to others as it has been to themselves. It is in accord 
with the definition proposed at the end of Section A hereof and with the des- 
criptions contained in Section B. 

Mention and diagramming of dams solely of earth fill are omitted, due to 
absence of rock fill and as involving no possibility of confusion. 

While not insisting that the following represents the optimum, the authors 
do state that it represents the results of earnest effort in that direction and 


they propose that it be considered for adoption as an outcome of this sym- 
posium. 


D. Advantages of Deck-Type of Rock-Fill Dams 


The deck type of rock-fill dam has various advantages not possessed by 


the central-core type. The more important of those advantages may be 
described briefly as follows: 


Greater Margin of Safety 


Stability of the deck-type dam as a whole against failure by sliding or by 
overturning is amply assured, largely because no substantial amount of uplift 
pressure can be exerted. Particularly is this true of dams with decks of other 
than earth fill. The factor of safety in these respects is very large. On the 
other hand, in the case of a dam of the central-core type, none of the rock up- 
stream from the core contributes to safety against sliding or overturning— 
which, however, is by no means the same as saying that by reason of this fact 
a rock-fill dam with a central earth-core will not be amply safe. 

Greater Tolerance of Leakage 

Ordinary leakage through the foundation or the deck can not endanger the 
dam, for the rock-fill is essentially free draining. Even some overtopping, 
with flow into the rock fill, is tolerable, though of course not desirable. 

Because, with the exception of thick, rolled-earth decks, the area of grout- 
ing is at or relatively near the upstream edge of the dam, grouting and the 
major rock-fill construction can proceed simultaneously, though of course not 
in the same location. Thorough grouting is a time-consuming process, the 
extent of which generally can not be fully foreseen. Construction delay can be 
minimized where grouting and dam construction can go on at the same time. 
Moreover, because ordinary amounts of leakage through the rock foundation 
can not endanger the dam and where there is no material economic loss by 
reason of such ieakage, grouting can be somewhat less than perfect. 
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ROCK-FILL DAMS 


DECK {1YPE 


With deck of material other than earth. 


With relatively thir deck of esrth 
("sloping earth core") 


with relatively thick deck of earth. 
(More rock fill than earth.) 


CENTRAL CORE TYPE 


With central core-wall, mainly or solely 
of material other than earth. 


Witn central core of earth. 
(More rock fill than earth.) 


EARTH - FILL DAMS 


(More earth than rock fill) 


With upstream shoulder of rock fill. 


With downstream shoulder of rock fill. 


with both upstream and downstream 
shoulders of rock fill. 


Legend: ES Rolled earth fill. 


Rock fill. 


@mes Material other than earth. 
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Rapidity of Construction 

Except for the rock immediately underlying the deck, the construction of 
the main or sole rock fill, as the case may be, is unbroken, contrary to the 
situation with the central-core type. Once the routine of that construction 
has been established, the situation lends itself to maximum rate of progress, 
with correspondingly beneficial effect on cost. Naturally this is true to the 
greatest extent in the cases of decks comprised of material other than earth— 
for in those cases the proportion of rock is greatest and there is not the 
somewhat complicating feature of transitions from rock to earth. 


Accessibility of Impervious Diaphragm 

Again with the exception of earth decks and their rock coverings, the im- 
pervious diaphragm or deck remains accessible for inspection and repair. 
This is true even as regards the part of the deck remaining permanently un- 
der -water where a hydroelectric development is involved. 


Future Increase in Height of Dam k 
The deck-type of rock-fill dam is better adapted for future increase in 
height. The addition of the rock fill requisite for increase in height of course 
presents no problem of importance. As to the deck, there would be involved 
merely its extension upward at its original or other slope, with corresponding 
extension of the cut-off and sealing provisions up the abutments. 


On the other hand, the fact that at least the rolled-earth form of the 
central-core type has some countervailing advantages is evidenced by the fact 
that the very highest rock-fill dams in existence are of that form. 


E. The Settlement Problem 


The problems of rock-fill dams stem largely from the fact that rock fills 
settle and that such settlement may leave some, though by no means unresolv- 


able, question with respect to proper functioning of the impervious diaphragm, 
of whatever nature. 


General Settlement 


The loose rock of the fill, compacted initially by the combination of its own 
weight and the impact of dumping, undergoes further compaction, first essen- 
tially vertically, by the superimposed load as the structure gains height, and 
later horizontally as well as vertically when, upon completion of the dam, the 
impounded water exerts its pressure. This unavoidable process of natural 
compaction is generally referred to as settlement. Uncertainty as to such 
settlement constitutes practically the only rock-fill problem of major impor - 
tance. 

Loose quarried rock has irregular surfaces and edges which come to rest 
against each other in the process of dumping. The gradual increase in load 
causes these edges or points of contact to spall or crush and hence there is 
some re-adjustment within the fill. This process continues until the contacts 
between the pieces of rock have become sufficiently blunt to transmit the load 
without further spalling or crushing. The resulting settlement appears to 
continue, at a gradually diminishing rate, for a few years after completion of 
the structure. Settlement of this type may be assumed to be proportional to 
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the height of the rock fill above its foundation and to be present throughout the 
fill. 
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Surplus fill, sometimes referred to as ‘camber,” and a slight convexity, 


upstream in plan, are usually provided to compensate for such settlement. 
Obviously convexity downstream in plan should be avoided because fill settle- 


ment or movement in a downstream direction, such as would be due to water 


pressure, would tend to pull the rock fill apart. Relief dam in California, 


constructed in 1910, has a convexity downstream in plan; a crack developed 
in its reinforced p.c. concrete deck, at the center of the curve. 


Local Settlement 

Probably more serious is what may be referred to as local settlement. 
When, in the process of dumping, pieces of rock become lodged in such a man- 
ner that there are relatively large holes within the fill, even the small adjust- 
ments, resulting from spalling of edges or points of contact, may cause par- 
tial collapse of such holes and hence additional settlement. The cumulative 
effect may be substantial. It is not distributed throughout the fill, may be in- 
dependent of height of fill and sometimes results in subsidence which is 
strictly local. 

Although the existence of excessively large openings within the rock fill is 
largely a matter of chance, the shape of the pieces of rock has important in- 
fluence. For rock which is generally of a cubical shape, the chances of oc- 
currence of unduly large openings are materially less than for rock of flat, 
elongated shape. 

Yet Genkel dam, Western Germany, 140 feet high, is reported to be con- 
structed of slate quarry waste, accumulated over many years of operation of 
several such quarries (Bitumen, December 1953, p. 204); in that instance the 
material must have been flat and elongated, though possibly not in large 
pieces. 


Means of Minimizing Settlement 
Although some settlement of rock fill is unavoidable, means are available 
to minimize it. 


Sluicing 


One of the most important means for reducing settlement is to direct jets 
of water, in large quantities and under relatively high pressure, upon and 
against the rock as it is being dumped; likewise as to the face of the fill be- 
tween dumpings. The purpose is to cause the pieces of rock to come to rest 
more nearly in final position than would otherwise be the case. At the same 
time, such sluicing moves fine material (“fines”), of, say, 4 in. and smaller, 
away from the contacts between larger pieces, thus in general resulting in 
more firm contacts. Sluicing is usually done by means of nozzles of moni- 
tors, is very effective and in general can hardly be overdone. 

Some text books state that such sluicing is done to wash the fines into the 
interstices of rock already placed. However, the authors suggest that such is 
the result rather than the beneficial purpose of sluicing. Actually, under 
Sluicing, these fines can not go elsewhere than into such interstices and any 
resulting beneficial effect, as concerns later settlement, is at best not im- 
portant in degree. That is, the sluicing process can not be expected to com- 
pact these fines to such extent that the result will be to resist materially, if 
at all, the settlement of the surrounding rock fill. On the other hand, in the 
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construction of Malpaso rock-fill dam, Peru, 1936, fine material (gravel and 
sand) was brought separately to the damsite for the sole purpose of being 
sluiced into interstices (Compressed Air Magazine, July, 1939). 


Limitation of Proportion of Fines 


Restriction of the permissible amount of fines in rock-fill material is very 
important. Whereas rock fill may be expected to have voids of the order of 
35%, the proportion of fines in the material clearly should be far less; other - 
wise, by reason of intervening fines, the larger pieces of rock may lack the 
desired direct contact with each other. 

Moreover, the combination of an excess of fines and liberal sluicing may 
result in the filling of the lower interstices to such extent and with sufficiently 
fine material as to bar or at least retard drainage within what should be a 
free draining rock fill. In the case of a deck-type dam, there could thus re- 
sult the danger that water, draining from foundation rock or abutments or 
even leaking through the deck, would be ponded upstream from such interior 
barrier and in turn would cause reverse pressure, against the under side of 
the deck, at a time when the reservoir is drawn down. In the case of 
Montgomery dam, with the foregoing in mind, it was prescribed that a limited 
thickness of dumped rock, under and near the deck, should be free of material 
of less than 3-inch size. Also positive, i.e., open-joint, pipe drainage was 
provided along and from the bottom of that zone of screened rock. 

Specifications for the body of the rock fill should prescribe the maximum 
permissible proportion of fines and provide positive means of testing and en- 
forcing compliance. The specifications for the recently completed Mont- 
gomery rock-fill dam aimed to limit to 5% the proportion of fines (material 
less than 4-inch size), but at the maximum tolerated 10%. There was liberal 
sluicing. Settlement so far has been gratifyingly low. 

Methods of quarrying may greatly affect the proportionate product of fines. 
Random blasting and in some cases the coyote-hole method may result in 
cheaper quarrying but not necessarily in an appropriate rock product. Blast- 
ing techniques worked out experimentally at the specific quarry site and for 
the kind of rock involved are more likely to minimize the output of fines. 

It has been suggested that elimination of an excess of fines remaining in 
the run-of-quarry output might be accomplished by the use of (dump) trucks 
with slotted bottoms, thus permitting fines to be shaken out of the truck-loads 


enroute from quarry to dumping site. However, the authors know of no in- 
stance where such method has been carried out. 


Supervision 


Because of the very nature of a rock fill, the temptation is to assume that 
all that is necessary, to attain an appropriate ultimate result, is to quarry, 
haul and dump the rock, together with such sluicing as may be prescribed. 
However, the rock piled up on the quarry bench is not pre-tested, pre- _ 
examined as frequently is earth from borrow pits or pre-graded as are aggre- “| 
gates for concrete. All that is known is that the larger part of the pile is 
satisfactory and utilizable and that the rest, if used, would contribute toward 
inferiority. 

Clearly, therefore, the price of good rock fill includes adequate super - 
vision and inspection, especially at the quarry bench where loading of trucks 
takes place and at the dumping and sluicing locations. It need hardly be 


by. 
4 
j 
rely 


ASCE ROCKFILL DAMS 1739-13 


suggested that such inspection is at least as important during night shifts as 
during day shifts. 


Special Compaction 


In a sense, a rock fill, given sufficient time, especially under water load, 
is self-compacting; yet, if no effort is made to minimize settlement, it may 
become unduly or, in extreme cases, intolerably large. 

In the United States and Canada, rock fills for dams have been placed 
mainly in relatively high stages or lifts. Although economy of construction 
enters, it seems fair to say that a principal consideration is the belief that 
construction in high lifts is conducive to minimizing settlement. Without 
doubt, there results some compacting effect, due to the longer distance of 
roll of the larger pieces of rock down the face of a relatively high lift. 

: Then there are those who seek to accentuate initial compaction by means 


y of impact due to greater height of fall of the rock, e.g., from loaded skips 

4 carried by cableway. 

F In contrast, there are cases (largely European) where, apparently for the 
F attainment of like end, rock-fill placement is in relatively low lifts. Under 

i that method, considerable compaction occurs within the shallow lift by reason 


of the repeated travel over the surface of the lift or layer by heavily-loaded 
trucks, transporting rock to the dump face. Given sufficient shallowness of 
layer, it would seem that vibratory rollers might be effective for the purpose. 
(On the other hand, the resultant creation of additional fines, due to attrition, 
is of itself undesirable.) 

Various special means for obtaining initial compaction, or at least expedit- 
ing settlement, result in additional cost which must be weighed against the ad- 
vantage obtained. 

It would be of interest and undoubtedly of substantial help for future rock- 
fill dam construction if discussions of symposium papers were to contribute 


pertinent information and views supplementing such as may be contained in 
the individual papers. 


Diaphragm Flexibility--a Requirement 

Settlement of rock fill can be minimized but not completely eliminated. 

One must therefore be reconciled to deal with the effect of such settlement as 
does take place. Primarily this requires that the impervious diaphragm be 
without danger of rupture. 

Presumably the need for pertinent provision is less in the case of rock-fill 
dams of the central-core type than in those of the deck type. However, as 
hereinabove indicated (Section B), at least in the cases of central core-wals 
(material cther than earth), the results have not always been satisfactory. 

As to the behavior of central cores of earth, information is by no means 
extensive or positive —largely because the core is buried and there is no mani- 
festation of behavior unless such be unfavorable, let alone resulting in failure. 
os As for decks, cracking or other forms of failure due to insufficient flexi- 

bility are of record in the cases of materials other than earth. Regarding the 
performance of decks of earth, particularly relatively thin earth-decks (slop- 
ing earth-cores), just as in the case of central cores of earth, little is known 
in the pertinent respect beyond the fact that there have been no failures. 

Decks of portland cement concrete undoubtedly have substantial flexibility 
where relatively small, jointed panels are used. Possibly the same is true 
where there are used larger panels which are laminated, i.e., composed of 
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thin slabs. In the cases of decks where comparatively thick slabs of large 
area are used, question may arise. However, it appears that such construc- 
tion has adequately met the needs of the cases where used—due perhaps to 
the fact that the slabs are underlain by what are in effect inclined walls of 
dry rubble masonry. 

As for the newer deck material, asphaltic concrete, experiments and ex- 
perience are believed to warrant the view that, within reasonable limits of 
temperature and deformation, that material will adjust itself by flow, without 
rupture, to maintain contact with its supporting base. 

In relation to the minimizing of the effect of settlement, too, it is hoped 
that discussion of the symposium papers will bring out pertinent experience 
and facts, as well as views, not contained in papers as submitted. 


F. Dams of Greater Height and Economy 


The following is submitted by way of specific contribution toward the an- 
nounced purpose of the symposium. 


Greater Height 

Dams of a given type and height having been constructed and in operation 
successfully, it may reasonably be assumed that, under equally favorable 
conditions, dams of like type and somewhat greater height may be constructed 
and operated successfully. However, the greater the height for which there is 
precedent, the more the need for caution in taking the step to still greater 
height—not overlooking the fact that in general the greater the height of a dam, 
the greater the potentiality of damage in case of failure. 

Always there is the necessity for careful analysis and comparison of the 
pertinent conditions at the site of and otherwise affecting a proposed dam of 
unprecedented height with the corresponding conditions involved in what is 
assumed to be the precedent. In the cases of rock-fill dams, there are, among 
other such conditions, the hardness and toughness of the available rock, the 
general shape of the pieces or fragments into which it breaks under blasting 
and the proportion of fines upon such breaking. This, however, is not to say 
that in all cases all conditions for the dam of greater height need be as favor- 
able as those for the precedent. 

Such step by step increase in structure heights is taking place in the case 
of the new form of deck-type, rock-fill dam, with its deck solely of asphaltic 
concrete. Thus, in view of the precedent, the 113-ft. Montgomery dam, in 
Colorado, the authors have developed plans for such a dam which is to have a 
height of 235 ft.—still low compared with the highest successful rock-fill 
dams. Construction is being started on this, the Smith Mountain dam for a 
hydroelectric development on Roanoke River in Virginia. Meanwhile the 
authors are involved in the consideration of a like dam to be probably some - 
what higher than 300 ft., which too would be in the eastern part of the United 
States. 


Greater Economy 

Increasingly, rock-fill dams have become a principal means for making 
economically feasible projects which otherwise would not be so. 

In turn, construction and economy of rock-fill dams have been receiving 
impetus due to the efficiency and economy of equipment for loading and trans- 
porting loose rock. It is in large part the manufacturers of such equipment to 
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whom the engineer must look for further improvement and economies. Be- 
cause of the large quantities of rock required, even small improvements, re- 
ducing unit costs, will be of importance. 

The industrial law, almost an axiom, that mass production makes for lower 
cost applies as well to rock-fill dams. The authors are of the view that the 
deck-type dam, when utilizing for the deck a material other than earth and 
hence with the body comprised of rock fill throughout, is likely to be of lower 
over-all cost than if a considerable part of the cross-section were to consist 
of another material, such as earth, posing its own problems. 

Obviously that view would not be well-founded if the cost of the deck, of 
material other than earth and therefore comprising an inconsiderable part of 
the total cross-section, were to be so great as to offset the saving in other 
respects. However, such appears not to be true, even in the case of a p.c. 
concrete dam constructed upon a base of individually, and hence rather ex- 
pensively, placed rock. All the more is it not true of a deck of asphaltic con- 
crete. That material was found to be substantially cheaper than any other for 
the deck of the Montgomery rock-fill dam. It is believed that this would apply 
elsewhere. 

At Montgomery dam the cost of the asphaltic concrete deck, including all 
work above or upstream from the rough face of the rock fill, was in 1956-7 
less than $14.00 per square yard. The asphaltic deck itself, approx. 12 in. 
thick, placed in four layers and involving about 27,800 square yards, was con- 
structed in about two months. 

Much like the case regarding equipment used for handling rock fill, the 
great amount of paving required for highways and airfields has encouraged 
manufacturers to develop asphaltic-concrete, paving equipment which with 
great efficiency can pave continuously large areas in short time. Adaptation 
thereof to the placing of asphaltic concrete on a slope has already been ac- 
complished in several cases, though probably not yet in the most efficient 
form. 

Likewise there have been developed mixing plants which, practically en- 
tirely on wheels, can readily be transported along highways and set up or re- 
moved in a short time; there are large enough for deck construction for rock- 
fill dams. It is believed that the further adaptation of such paving and mixing 

equipment will result in still greater economy. 


Appendix 


Listing and Statistics of Rock-Fill Dams 


In the course of their studies of rock-fill dams, the authors have accumu- 
lated a mass of information on the subject. Part thereof appears in the 
tabulations below. 

These tabulations were intended to list, with certain standard data, all 
dams which, in accordance with the proposed definition (see Section A of this 
paper), appear properly to be classed as rock-fill dams. Application of that 
definition has resulted in elimination of some dams which heretofore have 
been referred to by others as “rock-fill” dams. Among the more important 
of the eliminations are some Algerian dams of individually placed rock or 
rubble masonry and a few others, the central earth-cores of which appear to 
exceed, as to cross-sectional area, the rock-fill portions of the dams. 

There are two tabulations, the first comprising rock-fill dams in the United 
States, the second those in foreign countries. 
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Explanatory 


The following is in explanation of the tabulations: 


Names of dams are those presently used by the owners. In former years 
some were known by another name.* 


Streams and dam locations, by State or country, are shown. Abbreviations, 


such as S.F., M.F., etc., preceding the name of a stream, indicate South Fork, 
Middle Fork, etc., of that stream. 


Dams under construction are indicated by “u.c.” In some cases, the con- 
struction of dams so designated may actually have been completed. 


Proposed dams have been omitted, because published data are generally 
indefinite and in some cases are lacking entirely. Moreover, in the case of 
any dam merely in the study stage, there is the possibility of substitution of a 
different type of dam. In this respect, due to advanced stages of planning not 
known to the authors, some of the omissions may not be justified. 


Dams which have failed have not been listed as such. Many, if not most, 


failures appear to have been due to inadequate spillway provision and not to 
type of dam or other design features. 


Slopes of upstream and downstream faces are shown. The respective 
figures indicate the ratios which the horizontal component of a given slope 
bears to the vertical component. 

Where different slopes occur on the same face, such are listed in sequence 
from bottom to top of dam, separated by commas, without details as to eleva- 
tion at which the change occurs. 

Under the caption “Slopes—Interior,” applicable to earth cores and earth 
decks, are listed the slopes of the surfaces of separation between the earth 
and the major rock fill or fills. In the cases of central earth cores, the up- 
stream earth slopes are stated first, then, following the semi-colon, the 
downstream slopes. 

For central core-walls (other than earth) the sides of which are vertical 
or nearly so, the interior slopes are indicated with a single figure, “0.0.” 

Berms have been disregarded, except as affecting the average slopes. 


Height of dam is aimed to be the height in feet of the cross-section, at the 
maximum section of dam, as defined in Section A. This has not always been 
possible, due to absence of cross-sections in the available descriptions; in 
such cases the reported height was used. 


Type of dam and form of construction are indicated by means of symbols. 
Capital letters are used for the materials constituting the impervious parts or 
diaphragms, while small letters are used for other materials, as follows: 


A = Asphaltic concrete = porous p.c. concrete 
C = Portland cement concrete m = rubble (dry) masonry 
E = Rolled earth r = rock fill 

M = Masonry set in p.c. mortar 

S = Steel 


W = Wood 


* Notably, Cogswell (formerly San Gabriel No. 2), Goose Neck (Cheeseman), 


Hillside (South Lake), Lake Fordyce (Fordyce), Lake Wohlford (Escondido), 
Mud Mountain (Stevans). 
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The sequence of the symbols, from left to right, conforms to the sequence 
of the materials of the dam from upstream to downstream. Thus, by way of 
example (with the numbers referring to the cross-sections at the end of 
Section C): 


Ar—indicates an asphaltic concrete deck on rock fill (1). 

Cmr-—indicates a portland cement concrete deck, with rubble masonry, on 
rock fill (1). 

rEr-—indicates a central earth-core type of rock-fill dam (4). 

Er—indicates an earth-deck type of rock-fill dam (2 and 3). 


For p.c. concrete decks, no differentiation is made as between decks of 
various forms, such as the laminated, sliding or panel forms of construction. 
In the cases of dams of the earth-deck type, differentiation between the 
relatively thin, earth-decks and those which are relatively thick seemed ap- 

propriate. Both being indicated by the symbol “Er,” such differentiation is 
effected by the addition of an asterisk where the dam is of the relatively thin, 
earth-deck type; thus—Er* 


Sources of Information 


The information contained in the tabulations has been obtained from a great 
number of engineering periodicals of the United States and foreign countries, 
engineering hand-books, descriptive publications by Federal agencies, Trans- 
actions of International Congresses on Large Dams, etc., etc. 

Particularly as to rock-fill dams in foreign countries, the ‘Statistical Re- 
view of Dam Construction,” by Robert A. Sutherland, M. ASCE, (Proceedings, 
ASCE, Vol. 79, Separate No. 355, Nov. 1953) was helpful, though it did not 
furnish details permitting checking of type. Thus it was not feasible in every 
instance to determine whether a given dam, designated therein as ‘rock-fill” 
or “rock fill-earth fill” dam, is actually a rock-fill dam according to the 
definition proposed by the authors. 

Likewise of great help was the recently published “Register of Dams in the 
United States,” compiled by T. W. Mermel, M. ASCE, for the United States 
Committee on Large Dams. Taking advantage of its listing of the owners of 
dams, inquiries for details were addressed by the authors to such owners. 

On the whole, where inquiries reached them, the cooperation of those owners 
was excellent; the authors gratefully acknowledge their assistance. 

In some instances, as disclosed by data supplied by the owners, designa- 
tions for dams listed in the Register were found to be incorrect. Corrections 
in this respect have been incorporated in the pertinent tabulation. 

Statement of the sources of information has been omitted, for otherwise 
the tabulations would have become much longer. However, the authors will be 
glad, upon request by interested readers, to supply for individual dams the 
references which were utilized. 


Missing Data 


As appears from the various blank spaces in the tabulations, the latter are 
not in every case complete and in some cases may even be in error. 

Following each of the two main tabulations is a list of dams for which some 
of the information was not found. Largely, those dams have been elsewhere 
reported as “earth fill rock fill” dams; some of them may not properly be 
classed as rock-fill dams. As to the missing data, the authors appeal and will 
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be greatful for help from readers. A note or postcard, addressed to one of 
the authors at 50 Church Street, New York 7, N. Y., will be sufficient and will 
be individually acknowledged. It should contain a simple sketch of the maxi- 
mum cross-section of dam, show thereon height, slopes, materials and other 
information, in general accord with that of the tabulations; preferably also 
reference to published description. Readers favoring the authors with such 
information need not be concerned with form or language; that is, the informa- 
tion need not be in English. 

The authors hope that as part of the closing discussion they will be able 
to submit correct and amplified tabulations. 
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Name_of dam 
ALPINE 
ASHTON 

BARRE FALLS 
PEAR CREEK 
PEAVER CREEK 
BEAVER PARK 
BELDEN 
PONITA 
ROKMAN (North) 
BROWNLEE 


BUCKS CREEK 
STORAGE 


BUCKHORN 

BULL CORRAL 
CAGLES MILL 
CALISPEL 

C*DAR CLIFF 
CHATWORTH PARK 
CHERRY VALLEY 
CHRISTIAN VALLEY 


CLEAR LAKE 


ROCKFILL DAMS 


ROCK FILL DAMS IN THE UNITED STATES 


Type 
and 
height 


Name of 
river (creek 


N.F., Stenisleus 
Snake 

ware 

E.F., Tuckasegee 
Beaver Creek 
Beaver Creek 
N.F., Feather 
Rio Bonito 
Canyon Creek 
Snake 


Bucks Creek 


M.F., Kentucky 
Huerfano Creek 


Mill vreek 


Location 
and year 


of com- stream 


_Dletion. _face 


Calif. 
1906 
Idaho 
1917 
Mess. 
u.c. 
No.Uar. 
1954 


Colo. 


0.0 
2.5 
2.25 
2.2 
1.7 


Colo. 
1914 
Calif. 
u.c. 
New Mex, 
1931 
Calif. 
1927 
idaho 
u.c. 
Calif. 
1928 


N.F., Calispel cr. | 


E.¥., Tuckasegee 
Mormon Creek 


Cherry 


? 


No. Car. 
1952 
Calif. 
1892 
Calif. 
1956 
Calif. 
1916 
Calif. 
1910 


Up- 


Inter- 
_ior 


3.75,9.59 
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Slopes 


Down 
stream 
face 


die 
45 
Er 0.75 1.25 
Ae 
60 
Er 1.3 2.00 
62 
at Ere 1.30 
at Sr - 
a7 
4 
r—Er 2.5 0.53 0.1 2.0 
150 
102 
a Cmr 1.4 
175 
Ere 3.0 1.37 1.4 
of 395 = 
122 
r—Er Kentucky 2.5 0.33; 0.23 
¥ wmr Colo. 1.0 - 1.25 ie. 
240 1911 
Indiana 2.0 0.6; 9.6 2.00 
148 1953 
Cor sh. ? ? 
82 1922 
Ere ? ? ? 
Cmrm 0.57 - 0.87 
41 
rer 2.00 0.703;0.75 2.00 a 
33 
Er Lost 3.00 1.00 1.60 
39 
: 
. 
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Name of dam 
COGSWELL 
COURTRIGHY 
CRANE VALLEY 
CUCHARAS 
DALLAS 

DAVIS 

DIX RIVER 
DREW 

FAGLE GORGE 
FAST CANYON 
FISH LAKE 
FOURMILE LAKE 
GLASIER LAKE 
GOOSE NECK 
HILLSIDE 
HORSESHOE 
INLAND 

LAGUNA 

LAKE FORDYCE 
LAKE WOHLFORD 
LEMOLO #1 
LEROY ANDERSON 
LEWIS SMITH 


Type 
and 
height 


in ft. 


wecmr 
255 
Cmr 
310 
rcr 
145 
Wemr 
125 


PO 4 August, 1958 
Name of and year Up- Down 
river (creek of com- stream Inter- stream 
Where stated) pletion. fece. ior _ 
W.F., San Gabriel Cali’. 1.35,1.3, - 1.50 
1.2 
Helms Creek Cebit. 13,202, - 1.30 
2.1,1.0 
N.F., San Joaquin Calif. 2.0 0.0 1.30 
1910 
Cuchares Colo. 1.00 - 1.50 
1911 
Columbia Ore.-Wash. 2.2; 1.75 1.5 
1957 2.0 
Colorado Ariz.-Nev. ? ? ? 
1950 
Dix Kentucky 1.2,1.0 - 1.4,1.0 
1925 
Drew Creek Oregon 0.50 ~ 1.5 
1912 
Green Wash, 2.15 ? 1.3 
1957 
East Canyon Creek Utah 0.67 0.0 2.0 
1899 
Fish Lake Oregon 3.0 1.25 1.25 
1956 
Fourmile Creek Oregon 1.25 
1922 
hock Creek Montena 1.0 1.5 
1937 
S.F., South Platte Colo. 0.5 - 1.3 
1910 
S.F., Bishop Cr. Calif. 0.75 - 1.25 
1904 
Verde Arizona 2.0 9.430-3, 2.0 
1946 9.25 
Warrior Alabema 3.00 1.3 2.031.3 
1938 
Colorado Ariz.-Calif. ? ~ ? 
1909 
Fordyce Creek Calif. 1.00 7 1.30 
1926 
San Elijo Creek Calif. 0.5 - 1.25,1.00 
1895 
North Umpqua Oregon 1.3 - 1.3 
1954 
Coyote Creek Calif. 2.5 0.7530.75 2.5 
1950 
Warrior Alabama 2.2 1.1 1.3 


rEr 
138 
138 
275 % 
Wmr 
65 
rer 
230 
rASar 
93 
Er 
50 
Cmr 
Cmr 
scmr 
210 
Wmr 
80 
rEr 
194 
Er 
195 
43 
Cmr 
130 
Wmr 
76 
Cr 
120 
rEr 
260 
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Location 
Name of and year 
river (creek of com- 


_pletion 
Little Hell Creek Colo. 


Type 
and 


height Inter- 


ior 


stream 
face. 


stream 


Name of dam face 


LITTLE HELL CREEK 3.0 2.0 


BEAK KIVER 
#1 
LOWEx 
#2 


BEAK RIVER 
MEADOW LAKE 
MINIDOKA 
MONTGOMERY 
MONENA 

MUD MOUNTAIN 
NANT AHALA 
ONFONTA 

OXBOW 

PARADISE 

PEN FOSE-ROSEMONT 
PLEASANT VALLFY 
QUEENS CREEK 
RELIEF 

RHIN EDOLLAR 
SABFINA LAKE 
SADDLE BAG 

SAL!’ SPKINGS 
SAN GABRIEL #1 
SAWMILL LAKE 
SKAGUAY 

SLY PARK 


Bear 
Bear 
N.F., Mokelumne 


Snake 


1952 
Calif. 
1952 
Calif. 
1952 
Calif. 
1903 
Idaho 
1906 


1.3 
1.0 


3.0 


M.F., South Platte Colo. 


Jottorwood Creek 
White 
Nantahala 
? 
oneke 
Little Butte 
East Beaver Cr. 
? 
Queens Creek 
Relief Creek 
? 
“.F., Bishop Cr. 
Leevining Creek 
N.F., Mokelumne 
San Gabriel 
Canyon Creek 
Beaver Creek 


Sly Park Creek 


1957 
Calif. 
1912 
Wash. 
1948 
No.Car. 2.59,1.4 
1942 


Alabama 3.0 


No.Car. 
1949 
Calif. 
1910 
Calif. 
1928 
Calif. 
1909 
Calif. 
1921 
Calif. 
1931 
Calif. 
1938 
Calif. 
1910 
Colo. 
1901 
Calif. 
1955 


0.75 
0.75 
0.75 
1.4,1.35 
ae3 
1.0 
0.58 
2.5 


1.63;1.9 


1.03;1.0 


0.75 


1.3 


1.4 
1.4 
1.9,9.5 
1.5 
1.4 
1.5 


2.2%, 


1.75 
1.4 
2.00 
1.4 
2.0 
1.4 
1.5 
1.3 
1.50 
1.25 


1.25 


on 
ASCE 
al 
| Up- Down 
3 
33 
Cmr 
233 
125 
73 
Sher Er 1.60 
86 ba 
113 
cMmr™ - a 
167 
425 0.33 
200 
170 
140 1956 
SMmr Colo. 0.50 
100 1932 
Er Utah 3.00 
63 1927 
CMmr 5 - 
140 a a 
cmr - 
30 
dae 55 
47 3 
Cmr - 1.4 
1.4 
Cmrm 1.0 
55 
Smr - 1.2 
70 
* 
a 
il 
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Type Location 
and Name of and year Up- Down- 

height river (creek of com- stream inter- stream 
Name of dam in ft, _where stated) pletion face. _face 
SMITH Trinchera Creek Colo. 1.7 0.0 1.3 
43 1916 
SMI'YH MOUNTAIN Ar Roanoke Virginia 1.9 1.4 
238 u.c. 
STRAWBERRY Cmr S.f., Stanislaus Celif. 1.2,1.0 - 1.35 
150 1916 
SWIFT Cmr Birch Creek Montana 1.5,1.2 - 1.33 
165 1914 
TENNESSEE CREEK Er* E.F., Tuckasegee No.Uar. ? ? ? 
18° 1955 
THOMASTON rEr Naugatuck Conn. 2.0 1.439.285 1.8 
142 u.c. 
THREE LAKES Cmr Bucks vreek Calif. 1.25 - 1.50 
39 1896 
TIOGA LAKE Wmr Leeviring Creek Calif. 0.75 - 1.4 
18 1928 
TRINITY rEr Trinity Calif. 3.25 1.030.75 2.5 
537 U.C. 
TUTTLE CREEK rE Big Blue Kensas 3.5 0.25 3.0 
157 u.c. 
UPPER PEAR RIVER Cmr Bear Calif. 0.75,9.5 - 1.3,9.5 
75 1929 
WATAUGA rEr Watauga 2.9 0.85;0.8 2. 
328 1949 
WISHON Cmr N.f., Kings Calif. 1.4 
250 195S$ 1.1,1.0 
DAMS IN THE UNITED STATES 
regerding which the authors seek 
information to permit inclusion, with 
complete data, in the foregoing tabu.ation 
Year of Height 
Name of cam State completion ft. 
Aninas Colorado 1996 83 
Big Tooth Colorado 1929 190 
Big Vascuez Colorado 1937 25 
Bonham Colorado UeCe 38 
Box Elder Creek Utah 1915 68 
Elmer J. Chesbro Califorria 1955 109 
Forest Park Maryleard 1909 87 
Guineo Puerto kico 1953 126 
Little Vesouez Coloraéo 1937 24 
Mertindale (South) Montana 1937 69 
Sylacauge Alabama ? 76 
Thomas Velley Oregon 1973 44 
Uvas Californiu 133 


at 
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ASCE 


Name of dam 
ALPE-CAVALLI 
AMBUKLAO 
AUKSJO 
BENSIMIS 
BIA 
CARITAYA 
CHARCAS 


DEXBENDI KHAN 


DESHOCHES 
DEV FRO 


DIGA DI 
COPELAGO 


ZILDON (New) 
GENKEL 
HANABANILLA 
HARSPRANGET 
HENNE 
HIRFANLI 
IHIL-EMDA 
JYLHAMA 


ROCK FILL DAMS IN FORELGN COUNTRIES 


Type 

and 
height 
in ft. 


Cm 

135 
rEr 
420 


Cmr 
49 
cr 
245 
rEr 
410 
Er* 
200 
Avmr 


MAMrm 
o4 


r—Er 
260 

Ar 
140 
rEr 
154 
rECEr 
165 

Ar 
200 
Er* 
282 
Cacr 
246 
rEWEr 
48 


ROCKFILL DAMS 


Location 
Name of and year 
river (creek of com- 
where stated) _pletion 
Loranco Italy 
1926 
Agno Philippines 
1955 
Aura Norway 
1957 
Bersimis Canada 
1957 
Lufira Belgian Congo 
1950 
Caritaya Chile 
1935 
? Mexico 
1933 
Huatulame Chile 
1939 
Diyala-Sirwan Iraq 
u.c. 
Desroches Canada 
1957 
? Italy 
1921 
? Italy 
1893 
Goul burn Australia 
1956 
Genkel Germany 
1952 
Hanabanilla Cr. Cuba 
1957 
Stora Lulealv sweden 
1951 
Henne Germany 
1954 
Kizil Irmak Turkey 
u.c. 
Oued agrioun Algeria 
1954 
Oulujoki Finland 
1949 


stream 


1.38,1.24,; 
1.10,1.00 


2.0,1.75 
225,220 


1739-23 
Slopes _ 
Up- Down 
Inter- stream 
face ior face 
0.70 - 1.33 
2.0,1.75 0.25; 
025 
- 1-38 
2.5,2.0 1.38 1.38 
1.2 1.4 
1.5 - 1.5 
1.25 - 1.4 
1.6 1.8 
0.33 2.0,1.75 
0.3 
1.38 1.38 
0.7 7 1.33 
1.4,0.4 - 1.0 


2.5 0.6;9.75 2.0 
2.25 - 1.75,1.5 


5 0.0 1.5,1.0 
25 - 1.75,1.5 
? ? 
1.6 ? 
5 0.0 2.5 
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1739-24 


Type 
and 


Name of dam 

KAJ AKAT 
KARACHUNOUSKIA 
KENNY 

LASELE 

LAUGHING JACK 
MADERO 

MALPASO 
MIDSKOGFORSEN rECr 
MULUNGUSHI 

OSBU 

OUED-KEBIR 
PARADELLA 

PEGO DO ALTAR SWAmr 
213 
Cmr 
220 
Cmr 
110 
rEr 


164 
Cmr 


PINZANES 
PRINS 

QUIROZ 

QUOICH 

SAN ILDEFONSO 
SANTO TOMAS 
SILLRE 
SILVERWOOD 
TAXHIMAY 


Name of 


river (creek 
where stated) _pletion 


Helmand 

? 
Nechako 
Angerman 
Powers Cr. 

? 
Mantaro 

? 
Mulungushi 
Aura 
Oued-Kebir 
Cavado 
Sado 

? 

? 


Chipillico 


Loch Quoich 


? 


Ixtapandel Oro Mexico 


? 


hKosenthal Cr. 


? 


Location 
and year 
of com- stream 


face 


afghanistan 
1954 
Russia 
? 1.0 
Canada 2.5 
1952 
Sweden 
1957 
Tasmania 
1957 
Mexico 
1938 
Peru 
1936 
Sweden 
1944 
U.of S.Africa 
? 
Norway ? 
1957 
Tunisia 1.5,1.0 
1925 

Portugal ? 
1956 

Portugal 
1949 

Mexico 
1956 

U.of S.Africa 

? 

Peru 2.5 
u.c. 

Scotland 1.3 
1956 

Mexico ? 
1952 


2.5 


225 
1.2 
1.25 


1.75 
1946 

Sweden 2.0 
1933 

Australia 
1928 

Mexico 
1934 


1.5 
0.75 


1.25,1.1, 


August, 1958 


Inter- 


stream 


2.0 


1.33 

1.4 
1.5,1.33 

1.5 


0.4;0.0 
1.5 
1.37 1.75 
? ? ‘ 
0 0 
- ? id 
0.0 1.5,1.0 
? ? 
- ? 
? 2.5 
1.4 
110 
cr 
203 | 
rEr 
171 
26 | 
rECr 
80 
134 
a 
a! 


Carmel (J. del) 
Codelago 
Cooby Creek 
Dissueri 
Excame 
Hunyani Poort 
Irrigation 
Ishibuchti 
Kalk Fontein 
La Jolie 

Lac Casse 

La xiote 

Le Marinel 
Mermore 
Miboro 
Manuherika 
Melton 

Negro 


Nozori 


Country 
Afghanistan 
Chile 

Italy 
australia 
Italy 
Mexico 

So. shodesia 
argentina 

Japan 

U. of So. Africa 
Canada 

Canada 

argentina 
Pelgien Congo 
Italy 

Jepar 

New Zealend 
Australtla 


vhile 


Japan 


ASCE ROCKFILL DAMS 1739-25 a 
and Name of and year Up- Down 
height river (creek of com- stream Inter- stream 
Name of dam in ft. where stated) pletion ior 
TOKPSHAMMAR ? Sweden 2.0,1.5 9.0 1.5 
73 1943 
TORRON Wmr ? Sweden 1.0 - 1.5 
? 1936 
VOLTA Er* Volta Gold Coast,Africa ? ? ? 
310 u.c. 
VRLA II CaAmr Vria Yugoslavia 1.4 - 1.5 
82 1955 
WAYATINAH-B Er* berwent Tasmania 1.33 1.33 1.33 
65 1957 
DAMS IN FOREIGN COUNTEKIES 
regarding which the authors seek 
information to permit inclusion, with 
complete data, in the foregoing tabulation. 
Year of Height 


letior ft. 


? ? 
1929 246 
192% 120 
1941 ? 
1951 135 
1951 126 
1952 
1934 164 
1953 174 
? ? 
1955 285 
1955 200 
1946 141 
? ? 
? 138 
19¢ 427 
1935 119 
1916 ? 
1930 148 
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Ter he 
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| 
af 
5 
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1739 -26 August, 1958 


Year of Height 
Name of _ dam 221 completion 


Pachica , 1929 
Pend Oreille Canada 1932 
Pien Palu Italy 1955 
Pintenene Chile 1929 
Pleteni Italy 1955 
Pozillo Italy 1957 
Rio ‘ercero argentina 1931 
Rocky Valley Australia 1957 
kust Der winter U. of So. Africa i 

Sanalona Mexico 1947 
Upper Yarra Australia u.c. 
Valsecuille Mexico 1948 
Verdiena Italy 1939 
Vilcuye Chile 1930 


207 
150 
164 
197 
217 
179 
177 
100 
105 
213 
293 
269 
105 
280 
ite 
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FOREWORD 


This paper is one of a group from the ASCE Symposium on Rockfill Dams, 
June, 1958, at Portland, Oregon. 

For purposes of this Symposium, a rockfill dam is considered to be one 
that relies on dumped rock as a major structural element. Included are rock- 
fill dams of the types with impervious face membranes, sloping earth cores, 
thin central cores, and thick central cores. 

The objective of the Symposium is to assemble experience data on the high- 
er rockfill dams of all types along with discussion by engineers engaged on 
rockfill dam projects. It is hoped that this Symposium will contribute toward 
improved, more economic and higher rockfill dams of all types. 


INTRODUCTION 


The Canadian Shield area of the Province of Quebec offers some of the 
world’s most favourable sites for development of hydro-electric power. 
These hydroelectric projects usually involve the construction of large dams. 
In the past many of the major dams were constructed of concrete, but now, 
because of modern development in dam construction and also for economic 
reasons, greater consideration is being given to earth and rockfill dams. 

The recently completed Bersimis No. 1, previously known as the Bersimis 
- Lac Cassé Development (Rousseau, 1956), involved the construction of two 
earthfill dams and two rockfill dams, which are among the first of their type 


Note: Discussion open until January 1, 1959. Separate discussions should be submitted 
for the individual papers in this symposium. To extend the closing date one month, 
a written request must be filed with the Executive Secretary, ASCE. Paper 1740 is 
part of the copyrighted Journal of the Power Division, Proceedings of the American 
Society of Civil Engineers, Vol. 84, No. PO 4, August, 1958. 

a. Presented at meeting of ASCE, Portland, Ore., June 1958. 

1, Chf. Project Engr., Hydr. Div., H. G. Acres & Co, Limited, Niagara Falls, 
Canada. 

2. Geotechnical Engr., Hydr. Div., H. G. Acres & Company Limited, Niagara 

Falls, Canada, 
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to be built in this region, It is proposed to describe in this paper the site and 
the design, construction and performance of these two rockfill dams. 


Topography 


The topography of a large part of the Province of Quebec to the north of 
the St. Lawrence River is rugged and is traversed by several large rivers 
which empty into the St. Lawrence. One of these rivers, the Bersimis or 
Betsiamites, flows in a southeasterly direction and reaches the St. Lawrence 
about 320 miles downstream from the city of Montreal. Bersimis No. 1 is lo- 
cated at the outlet of Lac Cassé approximately 85 miles from the mouth of the 
Bersimis River. The general location is shown on Fig. 1. 

Between the outlet of Lac Casséand the mouth of the river, the Bersimis, 
in its natural state, fell approximately 1,150 feet. More than 700 feet of this 
drop occurred in the first 20 miles below Lac Cassé, This topographic 
feature offered ideal conditions for the development of power on the river. 
Conditions also were favourable for construction of a dam at the outlet of Lac 
Cassé to provide additional head for power development. 

At the outlet of Lac Cassé the Bersimis enters a relatively narrow valley 
where a fall of 90 feet occurs. A small tributary, the Desroches River, joins 
the Bersimis just downstream of the falls. There appeared to be a choice of 
constructing dams above the falls across both the Bersimis and Desroches 
valleys or, alternatively, one dam downstream of the falls and below the con- 
fluence of the two rivers. The former alternative was chosen. Fig. 2 shows 


the location of these dams relative to the locations of the other works included 
in the project. 


Geology 
General Geology 


The Bersimis dams are located near the southerly boundary of the region 
known as the Canadian Shield which covers almost one-half the surface area 
of Canada. This region is an uplifted peneplain of small relief and of ele- 
vation almost entirely below 2,000 feet. The Canadian Shield consists of Pre- 
cambrian rocks which were worn down and rounded off by intensive continent- 
al glaciations during the Pleistocene Epoch. These several glaciations com- 
pletely rearranged the existing drainage pattern and covered the area with an 
assortment of glacial till and glacio-fluvial deposits. Subsequent to the last 
glaciation a new and disorganized drainage pattern was created and some re- 
sorting of the glacial deposits has occurred through fluvial action. Recent up- 
lift of the land mass has resulted in the existence of marine deposits in the 
areas immediately adjacent to the lower St. Lawrence River (Stockwell et al, 
1957, and Dresser and Denis, 1944). 

The rocks of the Bersimis area belong to that part of the Canadian Shield 
known as the Grenville Series. This is a complex of sedimentary gneisses 
which have been intruded by anorthosites, gabbros, granites and diorites and 
their gneissic derivatives, and pegmatites. In the Labrieville area the older 
sedimentary gneiss or paragneiss and the granitic gneisses are underlain by 
a batholithic formation of anorthosites and gabbros which outcrops at the 
surface as intrusions of varying size. A considerable amount of faulting and 
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shearing has occurred in both Precambrian and Postcambrian times but these 
fractures are almost invariably well-healed and recemented now. Folding is 
locally very pronounced in the gneisses and numerous granite, diorite, and 
pegmatite dykes cut through the rock complex overlying the anorthositic mass 
(Morin, 1956). 

During the last Pleistocene glaciation, the eastern portion of Canada was 
covered by the Labrador ice sheet which had its centre located near Lake 
Kaniapiskau, approximately 250 miles north of Labrieville. Because of this 
proximity to the glacial centre, the Bersimis area was completely scoured 
down to bedrock and the soils which now exist are entirely the result of glacial 
deposition or post-glacial erosional forces. The glacial soils consist of tills 
which are to be found as side hill deposits, and because of the nearness to the 
glacier centre and the mineralogy of the bedrock they contain only small per- 
centages of fine-grained or clay-type particles. The most commonly occur- 
ring overburden formations are the terrace deposits which are of glacio- 
fluvial and glacio-lacustrine origin. These terraces consist for the most part 
of stratified silts and fine sands but also include some coarser sand and 
gravel layers. They occur in thicknesses ranging up to several hundred feet 
and cover areas of considerable lateral extent. Through these terraces, and 
to a much smaller degree through the till deposits, the new drainage system 
has been cut, and the eroded terrace soils have been redeposited as ill sorted 
recent river and lake bed formations. 

Areas of sensitive marine clays are to be found along the shores of the St. 
Lawrence River, but these have not been found at greater elevations than ap- 
proximately 400 feet. Along the Bersimis River these have been noted as far 
as 45 miles upstream from the mouth, but they are absent in the area of the 
Bersimis dams, 

The Canadian Shield is seismically one of the least active zones known. 
However, shallow shocks of moderate intensity do occur near the edges of the 
shield, particularly in the St. Lawrence River valley, and seismic consider- 
ations must be included in the design of structures in this region, The near- 
est earthquake of sizable magnitude occurred in 1925 about 70 miles down- 
stream from Quebec City and approximately 125 miles from Labrieville, and 
its recorded intensity on the Gutenberg-Richter scale was 7. In 1935 a tremor 
of intensity 6.2 occurred in the Temiskaming area, approximately 500 miles 
from Labrieville (Gutenberg and Richter, 1954), 


Geology of the Site 


The detailed geology of the Bersimis and Desroches dams is shown in plan 
on Fig. 3 and in section along the axes of the dams on Fig. 4. Beneath the 
Bersimis River and on the south bank of the Bersimis valley, bedrock out- 
crops or is overlain by thin patches of glacial till and lenses of sand, gravel, 
and boulders. However, beneath the north bank the bedrock surface dips down- 
ward to form what must have been a pre-glacial drainage channel, This de- 
pression in the rock has been infilled with a succession of till and varved clay 
and silt strata during glacial and interglacial periods. This complex of glacial 
materials reaches a maximum thickness of about 300 feet beneath the extreme 
north end of the dam and decreases thereafter as the rock surface rises to 
reach the surface some distance above the dam. 

Of the several types of rock referred to previously, the only ones found 
within the immediate vicinity of the Bersimis and Desroches dams are the 
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paragneiss, pink and green granite gneisses, and green porphyritic granite. 

The Bersimis dam is underlain for the most part by paragneiss although 
the upstream toe and cofferdam rest upon pink and green granite gneisses and 
the south abutment is cut by a zone of green porphyritic granite running paral- 
lel to the river. The foliation of the gneissic deposits strikes in the north- 
south direction and dips to the east at about 45 to 65 degrees. The major 
system of joints coincides with the orientation of the foliation while the minor 
jointing consists of two sets, one striking northeast-southwest and dipping 
about 55 to 75 degrees to the southeast, and the other striking northwest- 
southeast and dipping about 50 to 60 degrees to the southwest. The jointing is 
in general very tight and the amount of surface weathering of the rock was 
found to be extremely small. 

A number of minor shear zones varying in width from 1 foot to 3 feet were 
found to occur along the dark bands of foliation. These shear zones were 
chloritized but contained no fault gouge and were very tight. One fault zone of 
more than minor significance was found running almost parallel to the down- 
stream toe of the dam and dipping at about 85 degrees to the northeast, thus 
cutting across the foliation. The fault proper was about 3 feet wide and con- 
tained very dry, compact gouge. On both sides of it the rock was shattered 
for a width of about 5 feet, but the rock was, however, tight. 

The extreme south end of the Bersimis dam is underlain by a mass of 
green granite gneiss which extends in a southeasterly direction to form the 
entire north abutment of the Desroches dam as well as the spillway area ly- 
ing between the two dams. The southerly half of the Desroches dam is under- 
lain by a succession of green and pink granite gneisses, paragneiss, and green 
porphyritic granite which occur as bands roughly paralleling the Desroches 
River. These rocks were exposed at the surface over much of the area of the 
Desroches dam, although a thin cover of glacially and fluvially deposited soils 
and talus existed near the river. 

As in the case of the Bersimis dam the foliation of the gneisses strikes in 
the north-south direction and dips easterly at about 55 degrees. The major 
jointing coincides with the foliation and the minor jointing is similar to that 
which occurs in the Bersimis valley. 

Structurally the rock in the Desroches valley proved to be in a very sound 
condition. Surface weathering was of extremely limited extent, and only one 
shear zone or fault of any significance was found. This shear zone of about 
three-foot width occurred along the contact of the granite gneisses and the 


paragneiss on the south bank, and it contained shattered and brecciated rock 
and fault gouge. 


Availability of Materials 


In general the Canadian Shield provides everywhere abundant supplies of 
excellent rock for use in rockfill dam construction. Surface weathering is 
usually very minor and quarries can be opened up with only small amounts of 
stripping being required. Almost all types of rocks occurring in the shield 
area are suitable for dam construction, although preference was given in the 
construction of the Bersimis dams to the granite gneisses rather than to the 
porphyritic granites and anorthosites as it was considered that the large 
crystal structure of the latter would lead to the production of a large amount 


of fines during quarrying. The locations of rock quarries are shown on 
Fig. 5. 
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Material for transitions is usually available within economic hauling 
distances from glacio-fluvial or recent fluvial deposits. Gravel deposits are 
usually fairly well graded and reasonably clean, but sand deposits, particular- 
ly when they occur as terrace formations, tend to be uniformly graded and on 
the fine side. For the Bersimis dams the transition materials were obtained 
from a gravel deposit located as shown on Fig. 5. 

Materiais suitable for use in impervious cores do not occur in abundance 
in this part of the Canadian Shield. Above the limit of marine clays at ap- 
proximate elevation 400 feet, water-lain clays occur only as small patches of 
varved clays. Clayey glacial tills containing up to a maximum of about 10 per 
cent of clay particles occur in limited quantities and constitute the only im- 
pervious material in the region suitable for sloping-core construction. One 
such deposit was located as shown on Fig. 5, and it proved sufficient and 
satisfactory for the construction of both dams. 


Exploration of Site 


Aerial photography of the Bersimis area was already available at the be- 
ginning of the project and this was used at an early stage in the studies to ob- 
tain a general appraisal of the geology of the area. This preliminary work 
was followed by detailed geological mapping and subsurface explorations at 
the site. Subsequently additional photographic interpretation was done to lo- 
cate deposits of suitable construction materials. While the borrow pits thus 
located were considered suitable for use, preference was given to those shown 
on Fig. 5, which were found by ground survey, since they were more economi- 
cal to develop. 

Subsurface explorations were begun at the dam sites in 1952 and carried 
on throughout 1953 and 1954. Diamond drilling was performed at both dam 
locations to determine the depth of overburden, the quality of rock, and the 
existence of major structural features. Diamond drilling was also undertaken 
in the river upstream from the Bersimis dam to determine the most suitable 
location for the diversion tunnel intake, and along the diversion tunnel line to 
prove the depth of rock cover above it. Standard AXT core was obtained in 
most of the drilling, although some EXT core was also obtained, 

The presence of the deep overburden deposit on the north bank required 
additional explorations to determine the nature and the state of the soils form- 
ing it. These were done by standard diamond drilling methods and by churn 
drilling. The former method was found to be more satisfactory in penetrating 
the very dense glacial till and allowing bedrock to be reached at depths which 
sometimes exceeded 250 feet. Undisturbed soil sampling by the usual methods 
was found to be impossible because of the very dense and gravelly nature of 
the glacial till and the frequent occurrence of boulders within it. Disturbed 
tube samples were, however, recovered and from these the index properties 
of the foundation soils were determined. Six test pits were sunk to depths of 
about 50 feet to 60 feet to obtain chunk samples of the surface deposits for 
laboratory testing. 

Geophysical methods were employed in the early stages of the explorations 
to determine the elevation of rock along two profiles through the north bank 
of the Bersimis River. The seismic method was used and, although it did 
produce profiles that were in general agreement with those subsequently 
determined by drilling, it was in error by as much as 45 feet in a 220-foot 
depth, For the most part the geophysically determined rock surface was 
higher than the actual one found by drilling. 
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Design 


General Arrangement 


The site chosen for the dams at Lac Cassé required the construction of a 
dam in the Desroches valley 1,100 feet long and 225 feet high, and a dam in 
the Bersimis valley 2,100 feet long and 200 feet high. The foundations for the 
Desroches dam were of sound rock and, therefore, this site provided ideal 
conditions for construction of any of several types of dam, The north bank of 
the Bersimis River, however, was covered with a thick mantle of overburden 
which precluded the consideration of a mass concrete dam for that site. It 
was believed that an earth or rockfill dam would be most suitable for con- 
struction on the overburden and, after investigation of the availability of ma- 
terials, a decision was made in favour of the rockfill type. Economic studies 
also indicated that this type of dam would be the best choice for construction 
in the Desroches valley. Therefore, the rockfill type was adopted for both 
dams. 

The decision in favour of the sloping-core type of rockfill dam was made 
after consideration of the construction methods which would be most adaptable 


at the site. It was believed that the sloping-core design offered the following 
advantages: 


(1) It allows for the placing of rock in high lifts. As a result a minimum of 
building and rooting up of roads is required, and rock limited in size 
only by the loading and transporting equipment may be used, 

(2) It allows for the placing of a large volume of the main body of the dam 
as a separate and independent operation. This is a definite advantage 


where core construction may be delayed because of adverse weather 
conditions. 


The general arrangement of the dams may be seen on Fig. 6. The common 
rock abutment was excavated to form an overflow spillway, and a gate section 
was subsequently constructed at one end of the spillway. 

The dams were arched upstream so that the hydrostatic reservoir load 
would tend to induce compressive forces in the cores. 

Typical sections of the two dams are presented on Figs. 7 and 8. These 
indicate the design of sections based on both rock and earth foundations. 


Foundation Materials 


With the exception of the north bank of the Bersimis River, the foundations 
of both dams were stripped down to bedrock, the various types of which are 
shown on the geological plan on Fig. 3. In the north abutment of the Bersimis 
dam the design required the impervious core to be carried down in a trench 
to a relatively impervious stratum. Over much of its length this trench was 
cut into the surface of the upper till layer shown on Fig. 4. This till layer is 
approximately 100 feet in thickness and is underlain by a fairly continuous 
layer of varved clay and silt of about 25 feet in thickness and a lower till layer 
which is about 100 feet thick and located beneath the extreme north end of the 
dam. 

Both till layers have similar properties and for design purposes no dis- 
tinction was made between them. The tills together with the interposed varved 
clay layer exist naturally in a very dense state, and it is believed that they 
have been overconsolidated to a moderate degree. The ranges of particle size 
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gradations for the two materials are shown on Fig. 9 and the other know soil 
properties for them are summarized in Table 1. The values of the effective 
shear strength parameters c' and Q were assumed for the purposes of calcu- 
lation and are considered to be reasonable and slightly conservative. 


Dam Materials 


Rock for the main rockfills and the upstream weighting zones of both dams 
consisted almost entirely of sound green granite gneiss. The maximum rock 
size allowed was governed by the capacity of the moving equipment, while the 
minimum size was rock dust which was not allowed to constitute more than 
15 per cent of any load. Soil and unsound rock were not allowed to be placed 
in the rockfill. 

The impervious core is protected by three transition zones on the down- 
stream side and two on the upstream side. The material gradations that were 
specified were as follows: 


Grade A - Ranging in size from not more than 2 per cent passing a No. 
200 sieve to that passing a 1/4-inch sieve. 

Grade B - Gravel ranging from 1/4-inch minimum to 3 inches maximum 
size. 

Grade C - Rock ranging from 3 inches minimum to 10 inches maximum 

size. 


Clean gravel was screened and the transition materials thus produced had 
gradation ranges as shown on Fig. 10. 


TABLE 1 


Bersimis Dam 
Properties for North Bank Soils 


Varved Clay 
Property Dense Till and Silt 


Natural water content - per cent .. 10 - 20 18 - 25 


Natural bulk density - lb/cu ft ... 127 - 145 125 = 134 


Coefficient of permeability - -2 
Ave = 1074 


Effective shear strength 
parameters: 

- psf eevee eee 720 720 
- degrees ee eee 35 35 
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FIG.9 BERSIMIS DAM NORTH ABUTMENT — PARTICLE SIZE DISTRIBUTION 
OF FOUNDATION MATERIALS 
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The impervious core material was a well-graded glacial till with the 
following fraction proportions: 


Clay Oto 5 per cent 
Silt 10 to 45 ” of 
Sand 30 to 80 ” ~ 
Gravel 5to 25 ” 


The range of gradings is shown on Fig. 10 and its relevant properties are 
listed in Table 2. 

The coefficient of permeability was found by laboratory testing to be ap- 
proximately 10-6 cm/sec and this was considered sufficiently low for use in 
core type dams such as the Bersimis and the Desroches. This permeability 
was also confirmed by a large scale field test in which water under a head of 
450 feet was forced through a sample of the till, 18 inches in diameter and 30 
inches thick, for a period of three weeks. 

Triaxial shear testing was performed on 4-inch diameter samples of the 
till material smaller than the No. 4 sieve compacted at the mean placement 
water content and to the mean placement dry density. These tests were per- 
formed under undrained conditions and pore pressure measurements were 
made during all tests. The results of these tests indicated that the build-up of 
pore pressures during construction would not exceed 20 per cent of the super- 
imposed load at any point. Laboratory tests also indicated that the dissipation 


of pore pressures would occur very slowly, the value of cy obtained in these 
tests being 3.2 x 10-3 cm2/sec. 


Stability Analyses 


Stability analyses were made on the dams to ensure that no failure by slid- 
ing would occur during any stage of construction or period of future operation. 
The analyses were made in terms of effective stresses and were two-di- 
mensional in scope. The geometrical shape and the location of the potential 
failure surface were allowed to vary and the slices method of analysis was 
employed. 

The relevant properties of the foundation and dam materials are contained 
in Tables 1 and 2. In addition to these it was assumed that the rockfill and the 
transition zone materials were free draining and that the angle of shearing re- 
sistance (9) for these materials was 42 degrees at a relative density of 70 per 
cent, 

The types of failure considered are shown on Fig. 11. Type I failure was 
considered at the point of maximum height of dam, while Type II was only 
possible where the Bersimis dam rested upon the north bank deposits. Type 
III is a downstream failure similar to Type II which could only occur on the 
Bersimis dam north bank. For a downstream failure similar to Type I, the 
minimum factor of safety is 1.0 for which the failure surface is the down- 
stream slope of the dam. 

Three conditions of loading were considered, the construction case, the 
steady seepage case, and the drawdown case, and the minimum factors of 
safety found are contained in Table 3, For the construction case, the pore 
pressure parameter B (Skempton, 1954, and Bishop, 1954) was assumed to be 
0.4 for the foundation materials and was taken from the triaxial test data to 
be 0.2 for the impervious core material. Dissipation of pore pressures dur- 
ing construction was considered to be negligible. The analysis was performed 
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for the condition when the dam was completed and the reservoir empty, and 

as it was stable for this condition a failure at an intermediate stage in con- 
struction was impossible. The analysis was then repeated for varying reser- 
voir levels, and the minimum factor of safety of 1.80 was found to occur with 
a Type II failure and the reservoir elevation below 1170 feet. The variation of 
factor of safety with reservoir level is shown on Fig. 12. In reality the reser- 
voir elevation rose during the construction of the dam and the effect of this 
was to produce actual factors of safety greater than those shown in Table 3. 

In the analysis for the steady seepage case, it was considered that the mini- 
mum probable operating reservoir level would be 1275 feet and that steady 
seepage conditions would not be set up with reservoir levels lower than this. 
Complete saturation of the impervious core was assumed to have occurred 
when the steady seepage flow net became established. The pore pressures 
were determined from the latter and a decrease in c' due to saturation of the 
fill was allowed for. For these conditions the minimum factor of safety of 
2.15 was found for a Type I failure with the reservoir elevation at 1275 feet. 

For the drawdown case it was assumed that steady seepage conditions had 
been established before drawdown occurred, Therefore, B was assumed to be 
1.0. Drawdown to various levels was considered to take place instantaneously 
and the minimum factor of safety of 1.70 for a Type II failure was found to oc- 
cur when the reservoir is lowered below elevation 1175. The variation of 
factor of safety with drawdown elevation is shown on Fig. 12. 


Settlement 


In the design of the Bersimis dams it was realized that settlement would 
occur and that an allowance should be made for it. However, because of the 


TABLE 3 


Minimum Factors of Safety for 
Stability Against Sliding 


__.__Failure Type 


Construction 1.80 2.55 
(Dam completed and reservoir 
rising) 
Steady 2.15 2.35 2.25 
Failure Reservoir 
Type Elevation 
) 
(I & II 1275 feet) 
1312 feet) 


Drawdown ee 1.70 Condition 
(Minimum values for drawdown Unaffected 
to elevation 1175 or lower) by Drawdown 
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MIN. FACTOR OF SAFETY 


RESERVOIR ELEVATION 


FAILURE SURFACE TYPE I 


MIN. FACTOR OF SAFETY 
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FIG.12 VARIATION OF FACTOR OF SAFETY 
WITH RESERVOIR ELEVATION 
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sloping-core nature of the dams it was evident that the settlement of the dam 
crests would result from movements in the main rockfill, and that such settle- 
ments cannot be rationally calculated but must be estimated from previous 
experience. It was assumed that settlement in the rockfill would amount to 
about 5 per cent of its height and that at least two-thirds of this would occur 
during construction. To accommodate the movements expected after con- 
struction, ample superelevation was included in the design. 

Foundation settlement is confined to the north bank deposit of the Bersimis 
dam, but because of the nature of these soils good samples for consolidation 
testing were very difficult to obtain and this precluded any accurate settlement 
calculation. However, a rough estimate, based on limited consolidation test 
data, showed that the foundation settlement would be very small. Since only a 


small portion of this would occur after construction, no additional allowance 
in superelevation was made. 


Seepage and Transition Design 


Seepage from the reservoir in the immediate vicinity of the Bersimis dams 
was considered to be possible directly through the core, through the bedrock 
beneath or around the dams, and through the north bank deposits. Seepage 
through the core was estimated, on the basis of the coefficient of permeability 
shown in Table 2, to be of the order of 5 x 1072 cfs for the Bersimis and 
2.5 x 10-2 cfs for the Desroches dam. Seepage through the surrounding rock 
mass was considered to be of much greater magnitude than seepage through 
the core, and to reduce this flow of water extensive cement grouting was 
carried out beneath the impervious core where it rests upon rock. Blanket 
grouting to a depth of 15 feet was done on a 10-foot square grid spacing over 
this entire area, and in addition to this a grout curtain was constructed ex- 
tending into rock from 50 to 60 per cent of the acting head of water. As the 
surrounding rock abutments were composed of sound rock, no additional 
abutment grouting beyond the limits of the dams was deemed necessary. 

During the design of the Bersimis dam, the possibility that the north bank 
foundation might prove to be more pervious than was considered desirable 
became a matter of concern, This concern was increased during excavation 
of the north bank core trench when some evidence of stratification amongst 
the more pervious parts of the deposit was uncovered. However, the impervi- 
ous core was carried down to depths as great as 50 feet, and it was con- 
sidered that any seepage passing beneath the core would be of a minor nature, 
As an added precaution, an attempt was made to seal any underlying pervious 
layers or lenses by bentonite injections. Grout acceptance by the foundation 
materials was very small. 

Transition zones on both the upstream and downstream sides of the im- 
pervious core were designed and specified as outlined previously. These 
gradation specifications satisfy the filter requirements as outlined by Karpoff 
(1955), and the materials actually produced satisfied these requirements with 
the exception of the finer portion of Grade B material. To check on the possi- 
bility of particle migration with the actual materials a large size permeability 
test was conducted at the site with an effective hydraulic gradient of 180. 
After three weeks operation the steel pipe permeameter was cut open and the 
transition materials were examined, but no evidence of migration was found. 
On the basis of this test and in view of the fact that the maximum hydraulic 
gradient in either dam is less than 10, it was concluded that the transitions as 
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constructed would perform satisfactorily. The thicknesses of the transition 
zones were determined on the basis of the minimum widths which were con- 
sidered practicable. 


Construction 


Schedule and Progress 


The schedule required construction to be started in the fall of 1953 and to 
be completed before the end of 1955. In keeping with this schedule, the con- 
tractor set up a camp near the dam sites and began stripping the foundations 
and quarry areas in late 1953. Grouting of foundations was also started be- 
fore the end of the year. The cofferdams, diversion tunnel and diversion in- 
take were completed by the spring of 1954. 

The rockfill operation was begun in the summer of 1954 and proceeded ac- 
cording to schedule, but the progress on impervious core construction was 
slow due to unusually wet weather. The 1955 season was much more favoura- 
ble for the construction of earth fill, and the dams were completed, as 
scheduled, before the end of the year. 


Diversion 


The diversion of the Bersimis River flows was complicated by the necessity 
to supply water to a temporary hydroelectric plant installed at the head of the 
falls immediately downstream from the dam. A diversion tunnel 39 feet wide 
by 36 feet high was constructed beneath the river bed, and a rockfilled timber 
crib weir was constructed at the outlet to maintain a forebay for the tempo- 
rary power house. A channel was also excavated to divert the river flows 
until the diversion tunnel was completed. The upstream and downstream 
cofferdams were constructed of rockfill with impervious blankets. 

The diversion intake was provided with two gates 19 feet wide by 34 feet 
high and capable of operating under a head of 180 feet. These were closed at 
the time scheduled for filling the reservoir. The intake also contained a 102- 
inch diameter discharge regulator, which was operated to discharge sufficient 
water through the diversion tunnel during the reservoir filling period to oper- 
ate the temporary power plant. After the Bersimis power house was placed 
in operation in late 1956, the discharge regulator was closed and a concrete 
plug was placed in the tunnel beneath the impervious core of the dam. 

Diversion of the Desroches River flows was effected by constructing a 
concrete culvert along the bottom of the steep right bank. 


Foundation Treatment 


With the exception of the north abutment of the Bersimis dam, the design 
of both dams required that the foundations be stripped to rock. In the case of 
the Bersimis dam, however, the main body of rockfill was dumped on a 
boulder field overlying the bedrock in the river bed, and the upstream coffer - 
dam which formed the base of the loading zone was constructed at its north 
end on relatively impervious overburden in the river bed. 

The north bank of the Bersimis River was stripped of topsoil, and the earth 
abutment was cut to a regular slope to receive the base transition. The cut- 
off in the north bank was carried deeper than original plans called for due to 
the occurrence of pervious lenses in the foundation. 
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Small volumes of rock were excavated in the core foundation area, es- 
pecially at the Desroches Dam, to correct adverse slopes. Concrete was 
placed in some areas where uneven rock would make it difficult to compact 
impervious fill. 

Special treatment at the Desroches dam was necessary in a shear zone 
intersecting the foundation of the impervious core. The gouge was removed 
to a depth of about 3 feet from the upstream to the downstream limits of the 
core, and the trench formed was filled with concrete, A shaft was also sunk 
along the dip of the shear zone to a depth of about 20 feet, and this was filled 
with concrete to form a cutoff. 

Guniting of the rock surface prepared for the impervious core was carried 
out over a considerable area. The gunite was effective in sealing open joints 
during the blanket grouting operation. 


Quarrying 


The two main quarries were located in a hill just upstream of the two dams. 
During the 1954 construction season a supplementary quarry was operated on 
the north bank of the Bersimis, using the coyote hole method. In 1955 a 
quarry was also opened on the spillway site between the two dams. With the 
exception of the coyote hole operation on the north bank of the Bersimis, all 
quarrying was carried out by the benching method. 


The following is a list of equipment used for quarrying and transporting 
rock: 


Drills 


2 Quarrymasters 
5 Nine-inch churn drills 


Shovels 


1 - 5 yard 
2 - 3-1/2 yard 
4 - 2-1/2 yard 


Trucks 


14 - 35 ton 
12 - 22 ton 


Borrow Pits 


A screening plant was set up about one-half mile from the source of 
transition materials, and the gravels were separated into the three grades re- 
quired for the dams. Since the pit lay in the area to be flooded, the transition 
materials were screened during the early stages of construction and stock- 
piled at the screening plant about two miles from the dams. 

The impervious material borrow pit was located on a hillside beside the 
main road about four miles from the dams, The material, a glacial till, was 
very dense in the natural state and there was no problem of excess moisture 
in the undisturbed materials in the pit even after heavy precipitation. The 
material was excavated in benches using power shovels. 
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Rockfill 


Rockfill operations for the main body of the two dams were carried out by 
end dumping from the fills as they were advanced from the abutments. The 
fills were built from the north bank of the Desroches dam and, with the ex- 
ception of the rock obtained from the coyote operation, from the south bank of 
the Bersimis dam. 

Rock was placed in both dams in high lifts and a maximum height of 140 
feet was reached in the Desroches dam. Segregation of the rock was apparent 
where the lift was high and, with the large rock concentrated at the bottom, 
special attention was required in the placing of the transitions, as mentioned 
later in this paper. The lifts were advanced with a minimum top width of 60 
feet. This dimension was considered a minimum for efficient operation. 

During the 1954 construction season the main body of rockfill on both dams 
was carried up to elevation 1240 with a top width of 60 feet. In the first stage 
of construction in the 1955 season the main rockfill was extended to its full 
width at elevation 1240. In the next stage the fills were raised to elevation 
1280 where the final width of the main body is approximately 60 feet. In the 
final stages the rock was raised from elevation 1280 to the crest. 

The surface preparation prior to placing succeeding lifts in the main rock- 
fill body was done by bulldozers and rooters, and on some occasions by back 
hoes. Thorough sluicing of the surface was carried out after rooting. Con- 
siderable work was involved in preparing the top of a lift for the placing of a 
succeeding lift, and this confirmed one of the design considerations in the 
choice of the sloping-core type dam. 

In contrast to the method of constructing the main body of rockfill, the up- 
stream weighting zone was brought up in shallower lifts usually following the 
constructing of the impervious blanket and transition materials. Very little 
surface preparation was done on the weighting zone lifts. 

Sluicing of the rock placed in the main body was carried out from canti- 
levered platforms located at each corner of the dumping face. Under a 
pressure of 125 psi the jets from the monitors were trained back toward the 
dumping face and met the rock as it first came in contact with the slope. This 
operation is shown on Fig. 13. The volume of water used was generally 
equivalent to four times the volume of rock placed. 

Special precautions were exercised in dumping rock on the north bank of 
the Bersimis dam. Since the overburden was covered with transition materi- 
als, it was necessary to avoid the displacement of this material by falling 
rock, The rock was dumped against the abutment rather than down the bank 
at this location. 

An attempt was made to place a well graded fill throughout by classifying 
the rock size in the trucks as they left the quarry. With the high lifts used in 
the lower parts of the dams however, it was difficult to prevent segregation of 
the rock and the practice met with limited success. On the basis of experi- 
ence gained with the high lifts, it is believed that there is some advantage in 
specifying the placing of a finer rock in an upstream zone in order to limit 
the size of voids adjacent to the transition layers. 


Transition 


Transition materials were used both upstream and downstream of the core 
and also under the rockfill on the north bank of the Bersimis dam. These ma- 
terials were spread and compacted by bulldozer. To prevent bulking of the 
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fine transition material, excess water was added during the compacting oper - 
ation. 

Due to traffic problems across the impervious fill, an alternative method 
of placing the coarsest transition was adopted for the zone on the downstream 
side of the impervious core. The alternative method consisted of dumping the 
materials through 26-inch diameter pipes located on the upstream slope of 
the main rockfill. The momentum of these materials in the pipes was checked 
by heavy chains which hung at the outlet of the pipes above the placing level. 
This alternative was found to be reasonably satisfactory. A picture of the 
arrangement of a pipe on the rockfill slope is shown on Fig. 14. 

As stated previously, segregation in high lifts in the rockfill caused concen- 
tration of large rock at the bottom of the slopes. This necessitated special 


placing of the coarsest transition material by hand in filling some of the larger 
voids. 


Impervious Core 


In general, the impervious core material was transported by truck from 
the borrow pit, dumped on the fill, and spread by bulldozers. During the peri- 
od of greatest congestion in 1955, however, trucks were driven on to a ramp 
on the Bersimis dam and emptied into scrapers. These were then driven on 
to the fill and the material was dumped and spread in the same operation, In 
this way trucks hauling the earth fill did not interfere with the placing and 
compaction of impervious fill. 

The impervious fill was spread in layers 8 inches thick. Boulders exceed- 
ing 5 inches in diameter were removed from the fill by hand after the spread- 
ing operation, and these were dumped in the coarse transition zone or in the 
upstream weighting zone. A large number of boulders were removed from 
the fill in this way. 

Addition of a small amount of moisture was frequently required on the im- 
pervious fills, and it was added by spraying with hoses during the spreading 
operation. The water content was maintained below the standard Proctor opti- 
mum during the 1954 construction season when the lower part of the dam was 
constructed. During the final construction season however, as the fill rose to 
higher elevation, the water content was kept at or above the optimum. 

Since construction of the impervious zone fell behind schedule in 1954, 
placing was continued as late as possible in the autumn season. As early as 
mid-October freezing weather interfered with operations during the night 
shift and salt was utilized on several occasions to make it possible to continue 
the placing operation. Calcium chloride was dissolved in the water which was 
sprayed on the fill to bring the water content to the specified value, and this 
usually made it possible to continue the placing operation with up to 12 de- 
grees of frost. 

Compaction of the impervious fill was carried out by means of pneumatic- 
tired vehicles, which usually were loaded tandem-wheeled, 10-ton hauling 
units. Compaction very near to standard Proctor density was maintained 
throughout, 

Due to the grading of the impervious core material, it was not practicable 
to attempt to carry out density tests in accordance with some of the es- 
tablished procedures. Instead a method was adopted which involved the exca- 
vation and transportation to the field laboratory of a chunk of compacted fill. 


A specimen was broken from this mass, weighed, and then immersed in oil to 
determine its volume. 
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Fig. 15 shows an over-all picture of the Bersimis dam under construction. 


Summary of Quantities and Rates of Construction 


Table 4 contains a summary of the quantities of materials used in con- 
struction of the dams. 


TABLE 


of Quantities in Cubic Yards 


Bersimis Desroches 
MOCKESAL 2,575,006 1,081,000 3,656,000 
Transition .... 713 ,000 222,000 93 5,000 
Impervious .... _ 383,000 ___124,000 507,000 


3.672.000  14427,000  $,098,000 


The weekly rates of placing materials were as follows: 


Rockfill 80,000 cu yd 

Transition 30,000 cu yd 

Impervious 15 - 20,000 cu yd 
Performance 


Reservoir Elevations 


Filling of the Lac Cassé reservoir began in 1955 and by the end of con- 
struction in November,1955 its elevation was 1170 feet. Continued storage of 
water steadily raised the elevation to its normal maximum level of 1305 feet 
by November, 1957. The level was then gradually drawn down to elevation 
1288 feet by late April, 1958, and since the commencement of the spring flood 
it has now risen again to 1305 feet. 


Settlement Records 


Settlement monuments were established on the crests of both dams in early 
1956 for the measurement of vertical and horizontal movements. Between 
May, 1956 and February, 1958 maximum settlements of 1.9 inches and 1.8 
inches respectively have been recorded in the Bersimis and Desroches dams. 
In both dams the settlements have varied directly with the height of fill. Hori- 


zontal movements during this period have been negligible or within the limits 
of instrumental error. 


Seepage 


During and subsequent to the filling of the reservoir a close observation 
has been maintained of the seepage emerging at the downstream toes and 
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abutments. A very small amount of seepage has occurred through the south 
rock abutment of the Bersimis dam but the quantity is not considered to be 
injurious and no attempt has been made to stop it. The seepage through the 
Bersimis north bank has not materialized to a discernible degree, and on the 
basis of the experience gained thus far it is believed that no seepage problem 
will develop there. The existence of seepage through the dam proper is diffi- 
cult to establish, but no indication of abnormal water percolation through 
either dam has yet appeared. 
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ROCKFILL DAMS: THE DERBENDI KHAN DAM 
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FORE WORD 


This paper is one of a group from the ASCE Symposium on Rockfill Dams, 
June, 1958, at Portland, Oregon. 

For purposes of this Symposium, a rockfill dam is considered to be one 
that relies on dumped rock as a major structural element. Included are rock- 
fill dams of the types with impervious face membranes, sloping earth cores, - 
thin central cores, and thick central cores. a 

The objective of the Symposium is to assemble experience data on the 
higher rockfill dams of all types along with discussion by engineers engaged 
on rockfill dam projects. It is hoped that this Symposium will contribute to- 
ward improved, more economic and higher rockfill dams of all types. 


on 


SYNOPSIS 


Described in this paper are the problems pertaining to the design of a 
450 -foot high central core rockfill dam. Foundation excavation and prepara- 
tions for diversion are now under way. The Derbendi Khan project consists of 
the rockfill storage dam, chute spillway, outlet works, and provisions for a 
future powerhouse. Diversion of the river was provided for by two tunnels 
that will serve the permanent outlet works and powerhouse after construction. 

A thorough field exploration and materials testing program provided a 
sound basis for the selection and design of the dam. Major problems were 
anticipated and are being provided for as a result. 


Note: Discussion open until January 1, 1959. Separate discussions should be submitted 
for the individual papers in this symposium. To extend the closing date one month, 
a written request must be filed with the Executive Secretary, ASCE. Paper 1741 is 
part of the copyrighted Journal of the Power Division, Proceedings of the American 
Society of Civil Engineers, Vol. 84, No. PO 4, August, 1958. 
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General Description 


The Derbendi Khan rockfill dam is located on the Diyala-Sirwan River ap- 
proximately 230 kilometers northeast of Baghdad, Iraq, and ten kilometers 
downstream from the confluence of the Tanjero River. The project is owned 
and will be operated by the Development Board of the Government of Iraq. The 
location of the project and its drainage are shown in Figure 1. At the 
Derbendi Khan site the river flows through a three-kilometer long gorge in 
the Baranand Dagh mountain range. This range is part of the northwest- 
southeast chain of mountains forming the Persian arc. The site is located 
about one kilometer above the downstream end of the gorge. 

The primary function of the Derbendi Khan dam will be the storage and 
regulation of the Diyala-Sirwan River for irrigation use. The greatest value 
and need for water in Iraq is for agricultural irrigation in the fertile but dry 
plains of the Tigris and Euphrates valley. Also the regulation of the river and 
the head created by the dam will make feasible the generation of hydroelectric 
power at Derbendi Khan as a secondary benefit of the project. Some measure 
of flood control will be available at Derbendi Khan, although not without slight 
reduction in irrigation storage benefits. As presently planned, the flood con- 
trol is considered of secondary importance. 

Above the dam site the Diyala-Sirwan River has a drainage area of about 
17,850 square kilometers (6900 square miles). The 30-year average annual 
flow passing the dam site is 3.8 milliards of cubic meters (3,100,000 acre- 
feet). The gross storage of the Derbendi Khan dam is 3.0 milliards (2,430,000 
acre-feet). A typical hydrograph is shown on Figure 2. The maximum flood 
of record is very close to 4000 cubic meters per second (141,500 cfs). During 
the months of January through May the river flows are generally in excess of 
200 cubic meters per second (7100 cfs). The flows from June through 
December are usually less than 100 cubic meters per second dropping to less 
than 50 cubic meters per second in November and December. 

Figure 3 is a plan of the major structures of the project. The rockfill 
dam extends from the left abutment ac.coss the river to the right abutment, 
where the intake tower, guide wall, and the chute spillway are located. 

Two circular concrete-lined tunnels provide for diversion around the 
right end of the dam. The tunnels are six meters (19.7 feet) and nine meters 
(29.5 feet) in diameter and after they have served for diversion they will be 
converted so they may be used for irrigation and power releases. This will 
be accomplished by extending shafts from the tunnels to the intake tower at 
upstream end of the tunnel. At the downstream end a transition will be placed 
and smaller diameter penstocks will branch off and connect with the outlet 
works and future powerhouse. Steel liner will be used in portions of the six- 
meter and nine-meter tunnel and the penstocks. 

The hydraulic configuration of intake tower, guide wall, and chute spillway 
was established as the result of model tests carried out at the St. Anthony 
Falls Hydraulic Laboratory under the direction of Dr. Lorenz G. Straub. 
Model studies of the initial designs of the intake tower and guide wall indicated 
minor disturbances in the flow approaching the spillway. However, this was 
enough to generate a series of wave patterns and led to unstable flow condi- 
tions in the chute. Alterations of the guide wall, streamlining of intake tower, 
and leveling the approach channel floor solved this problem. The bucket at 
the downstream end of the chute is designed to turn the water away from the 
slope and into the stream bed downstream from the concrete structures. At 
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maximum discharges the jet will land in the stream bed about 150 meters 
downstream from the bucket. 

Three outlet valves of the fixed-cone dispersion type, 2.438 meters (96 
inches) in diameter, will be used to regulate the irrigation releases. The 
valves are hooded to control the degree of dispersion. 

Initial construction of the power facilities is limited to a pair of 1000 kva 
generating units for operating the gate hoists, outlet valves, and other electri- 
cal equipment on the dam and also supply the housing facilities for the opera- 
tional staff. The arrangement of the outlet valves and the service generating 


unit is such that two larger units with a total capacity of 37,000 kw can be 
installed in the future. 


Geology of the Site 


The Derbendi Khan dam site is situated where the Diyala-Sirwan River has 
cut a deep gorge through a northwest-southeast trending ridge known as the 
Baranand Dagh. This ridge is composed of a series of thick beds of sedimen- 
tary rocks including marls, sandstones, limestones, and conglomerate. De- 
posited over 100 million years ago, these materials have had a varied geologic 
history. About ten million years ago the beds were compressed by horizontal 
forces which folded them into a series of anticlinal ridges. 

The anticlinal ridges have great economic significance in the Middle East, 
because their dome-like shape has served to trap the tremendous oil resources 
of that area. However, the Baranand Dagh anticline was cut by the river and 
eroded, allowing the oil to escape. In the gmmediate vicinity of the dam site, 
this history is evidenced by the presence of bitumen, which impregnates some 
of the formations. 

The geologic formations which occur in the foundation area are a 335- 
meter thickness of bituminous marl, a 200- to 300-meter thickness of a 
sandstone -mar]-limestone complex, identified as the Buff formation, and a 
70- to 150-meter thickness of green marl of varying soundness. Overlying 
the green marl is a fine grained, dense limestone, usually massively bedded. 
The dip of the strata at the dam site ranges from 35 degrees to over 80 de- 
grees in the downstream direction. 

The bituminous mar] formation consists mainly of calcareous shales with 
lenses of calcareous sandstone and argillaceous limestone. The Buff forma- 
tion consists of interbedded lenses of limestone, shale, sandstone, and con- 
glomerate. The green marl formation consists of calcareous shale, conglomer- 
ate, and interbedded lenses of sandstone, shale, and limestone. All three 
formations can be identified as calcareous and of the compaction type. Thus 
it is not uncommon to encounter substantial areas and thicknesses which may 
disintegrate gradually when submerged in water and then exposed to the atmos- 
phere. The compressive strengths of core samples indicated a wide variation 
of strength in each formation. Figure 4 tabulates the test results and allowa- 
ble bearing pressures. 

The dam site is on the downstream limb of the anticline, where a local 
cross-flexure has ruptured the strata. Approximately 200 meters down- 
stream from the toe of the dam this cross-flexure passes into a small fault 
which follows the river bed. This fault does not extend into the area of the 
dam site and there are no reasons to believe it is active. 
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The gorge topography of the Derbendi Khan site is emphasized by the near - 
ly vertical cliffs of Qarah Chauq limestone, which form the top of the gorge 
walls on both abutments above the dam and spillway and can be noted in 
Figure 5. From the foot of the limestone cliffs talus slopes extend down to 
the river banks. The talus has in almost all areas weathered to a soil which 
supports sparse vegetation to the extent permitted by the semiarid climate. 

An analysis of the geologic and topographic conditions was the basis of the 
final selection of the axis of the rockfill dam and spillway. Of the afore- 
mentioned succession of formations, the bituminous marl is under the up- 
stream half of the rockfill dam and for a slight distance under the core in the 
river bed. The Buff formation in general underlies the core, the upstream 
shell at higher levels of the abutments, and the entire downstream shell of 
the dam, as indicated in Figure 6. The intake tower is also located within the 
Buff formation on a 20-meter thickness of sandstone. The guide wall, spill- 
way ogee, and the upstream portion of the spillway chute are located on the 
marls and limestones of the Buff formation. The downstream portion of the 
spillway chute and the terminal bucket are located on the more competent 
portions of the green marl. 


VIEW LOOKING DOWNSTREAM 
DERBENDI KHAN PROJECT 


Fig. 5 
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On the left abutment the overburden, formed by the weathered talus, 
ranges in depth from about two to 55 meters, the average depth being in the 
order of ten to fifteen meters. The overburden consists usually of debris 
from the Qarah Chauq limestone in a matrix of clay. The limestone debris 
ranges from fragments a few centimeters in diameter to blocks over five 
meters in diameter, generally separated by the clay matrix. In its natural 
state the matrix is dry and hard and the overburden, as a mass, is relatively 
impermeable. 

On the right abutment the overburden varies considerably in character and 
thickness depending on the underlying rock formation. In the areas underlain 
by the bituminous mar] the overburden is generally a clay soil derived from 
the marl with isolated blocks of limestone, usually less than one meter in 
diameter. The overburden varies in thickness from eight meters to 38 meters. 

In the areas underlain by the Buff formation the limestone debris from the 
overshadowing cliffs is predominant, forming a limestone talus in which the 
interstices between the limestone particles are filled with clay and silt making 
the deposit relatively impermeable. The talus has a maximum thickness of 
approximately eight meters at the base of the slope. 

In the area underlain by the green mar] formation, the overburden is a 
green residual clayey soil with isolated blocks of limestone usually less than 
one meter in diameter. This soil is very plastic when w2t and there is evi- 
dence of creep during the rainy season. Thickness is estimated to average 
eleven meters. 

In the river channel the deposits consist primarily of blocks of limestone 
and other resistant rocks ranging up to seven meters in diameter. Explora- 
tions indicate that the river deposits will not be greater than few meters 
thick on the average. 


Design of Dam 


In the preliminary studies of the Derbendi Khan site considerations of the 
various alternative types of dam, which might be suitable for the foundation 
conditions, were narrowed to the studies of a rockfill and concrete gravity 
type dam. Comparative cost estimates tended to favor the rockfill type, but 
in an area where price precedence had not been established by previous con- 
struction, the magnitude of the estimated cost difference was not sufficient to 
warrant elimination of a concrete dam study. Accordingly the designs for the 
rockfill dam and the concrete gravity dam were carried along through the vari- 
ous preliminary stages including the preparation of contract drawings and 
specifications for both. 

Tenders were published in April 1955 for both a rockfill dam and concrete 
gravity dam. The bids were received and opened on August 31, 1955. After 
thoroughly analyzing, interpreting, comparing, and evaluating the complex 
pattern of bids from six contracting combines, it was found that the rockfill 
structure was nearly fifteen percent cheaper than the lowest bid for the con- 
crete gravity dam, representing a savings of approximately eight million 
dollars. This substantial differential in favor of the rockfill dam eliminated 
any further consideration of the concrete gravity dam. 

During the preliminary studies of the rockfill shell with impervious core 


type of structure, conferences and consultations led to the following con- 
clusions: 
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1. The unquestionable safety of the dam is of utmost importance, hence 
the design should reflect a reasonable degree of conservatism. The principal 
factors dictating such caution were the height of the dam, the heterogeneous 
nature of the foundation materials, and the somewhat limited area of strong 
rock, upon which to construct the spillway. 

2. After a consideration of sloping core and central impervious core types 
of rockfill dams, the central core type was selected. The reasons for this 
selection were based on: 

a. The low friction strength of the available core material would neces- 
sitate flatter slopes for the upstream shell of a sloping core type dam than for 
a central core type dam. Thus for a given upstream slope the central core 
type had a greater upstream stability. Flattening the upstream slope would 
increase the cost of the intake structure and guide wall. , 

b. In order that the major portion of the core be in contact with the Buff 
formation, only a central core could be adopted. 

c. The central core contact area with abutment is greater than a sloping 
core. Also the full weight of the dam is applied to the contact area providing 
maximum safety against seepage. The pressure exerted along the foundation 
line of a sloping core is considerably less. 

The above factors were very desirable in a more than 400-foot high rock- 
fill dam. 

3. Core side slopes of about 0.3 horizontal to 1.0 vertical were selected in 
preference to thicker sections. A thicker core would require additional shell 
material to provide an equivalent factor of safety against sliding under the 
condition of sudden drawdown. 

4. The base of the impervious core section and at least the first or finest 
of the filte: zones would be carried to sound and impervious rock throughout 
the entire foundation. 

5. Pending exposure of the excavated foundation, the use of a small narrow 
cutoff trench excavated along the line of the proposed grout curtain was con- 
sidered unnecessary; likewise, the pouring of a concrete cap to provide some 
support against uplift grouting pressures during first stage grouting was 
deemed unnecessary. 

6. It was agreed that the downstream stability section of the dam would 
consist essentially of dumped quarry-run rock with minimum average down- 
stream slopes of 1.75 to 1 for the upper two thirds of the slope and 2.0 to 1.0 
for the lower one third of the downstream slope. It was understood that the 
slopes would be reviewed after stability computations of the relative safety 
against sliding along the foundation were completed. 

7. The slope or slopes of the upstream section would be determined by 
stability calculations, such calculations to take into account resistance to 
sliding along the contact of the rockfill shell and the shale foundation as well 
as sliding within the embankment shell. These computations were based on 
use of quarried rock or stream bed snads and gravels for the shell material. 

8. The crest section as wide as dictated by construction requirements. 


Starting with the previously described criteria the resulting rockfill sec - 
tion was analyzed for the following conditions: 


Case I. Construction condition: embankment completed to maximum ele- 
vation 495 meters and no water in the reservoir. 

Case II. Construction condition: top of embankment at elevation 423 
meters as required for diversion during the wet season, and with no water in 
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reservoir. 

Case III. Normal operating condition: reservoir water level at top of 
gates, elevation 485 meters. 

Case IV. Rapid drawdown: normal operating level elevation 485 meters 
drawdown to maximum drawdown level elevation 434 meters. 

Case V. Normal operating condition: reservoir at elevation 485 meters 
with the added forces due to a horizontal earthquake acceleration of 0.10 
gravity. 

Case VI. Catastrophic flood condition: all gates raised and the reservoir 


level within 1.5 meters of the top of the embankment, pool at elevation 493.5 
meters. 


The maximum section at the river and other critical sections at the abut- 
ments were analyzed for stability. The analyses were made by the “sliding 
wedge” and “slip-circle” methods. Of these two methods the “sliding wedge” 
analysis is considered most applicable and will present more accurately the 
stability of a central core type rockfill dam. A “slip-circle” analysis will 
give a higher factor of safety under similar loading conditions. This can be 
explained by noting that the slip-circle only passes through a small portion 
of the core material and thus does not reflect the effect of the high pore pres- 
sures in the core on the stability of the shell material. A comparison of 
Figures 7 and 8 will show that the “sliding-wedge” analysis takes into account 
the full effect of the driving force created by the pore pressures in the core. 

The most critical situation was with loading Case V with reservoir at ele- 
vation 485 and earthquake acceleration equal to 0.10 gravity, in which in- 
stance the downstream slope when analyzed by the sliding-wedge method 
showed a minimum factor of safety of 1.22. Factors of safety for the up- 
stream and downstream slope analyzed for various loading cases are tabu- 
lated in Figure 9. Considering the extreme infrequency of the loading defined 
in Cases V and VI, the safety factor values of 1.22 and 1.30, respectively, 
were considered acceptable. A factor of safety of 1.47 for the downstream 
slope under normal operating conditions (loading Case III), may be con- 
sidered as an index of the reserve stability for normal operating conditions. 

After minor modifications to foundation conditions, diversion require- 
ments, and the limitation set by the appurtenant structures, the maximum 
section at the river bed was established as shown in Figure 10. 

The upstream shell and the impervious core excavation will be carried 
down to sound rock while the downstream shell will be permitted to rest on 
slightly weathered rock. The exposed slopes of overburden excavation will 
be 1.35 horizontal to 1.0 vertical. To minimize the excavation volume a five- 
meter thickness of overburden was permitted to remain on the left abutment 
near the top of the dam. As the dam is built in this area the overburden will 
be removed permitting placement of the fill on sound rock. The excavation 
will be carried out in benches as shown on Figure 11. 

Because some of the marl areas were susceptible to drying and checking 
when exposed to the atmosphere for long periods of time it was specified that 
all mar] foundations be coated with a bituminous sealer immediately after 
excavated to grade. Area under the impervious rolled earth core is to be 
treated with a slush grout in lieu of the bituminous sealer. In cases where 
the slope of the foundation is too steep for application of slush grout the ex- 
posed rock will be gunited to a minimum thickness of fifteen millimeters. 
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ROCKFILL DAM 


Stability Analysis 


Maximum Section at River 


LOADING METHOD 
SLOPE CASE ANALYSIS 
UPSTREAM I SLIP CIRCLE 
SLIDING WEDGE 1.4 
II SLIP CIRCLE 1.82 
SLIDING WEDGE 1.47 
IV SLIP CIRCLE 1.2 
DOWN STREAM I SLIDING WEIGE 1.83 
i 10 SLIDING WEDGE 1.47 
v SLIDING WEDGE 1.22 
v1 SLIDING WEDGE 1.30 


FIGURE 9 
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LEFT ABUTMENT EXCAVATION 
DERBENDI KHAN PROJECT 


Fig. 11 


To facilitate construction of the dumped rockfill shells, the exterior slopes 
may be formed in ten-meter benches as shown in Figure 10. The width of 
these benches is designed so that the average slope, i.e. from the center to 
center of each bench, will be equal to the design slope. The slope between 
each bench will be the natural dump slope of 1.35 horizontal to 1.0 vertical. 

To provide maximum compaction of the dumped ro¢ckfill shell the rock 
will be end-dumped and sluiced with hydraulic monitors. The monitors will 
be directed so that fines are forced down into the voids between the larger 
rocks. This will reduce the voids and keep future settlements to a minimum. 
The ratio of sluicing water volume to rockfill is specified as three to one. 
The lifts for end dumping are specified as 30 meters (100 feet) maximum and 
ten meters minimum. 

The transition from the fine core material to the coarse rockfill is speci- 
fied in two stages on the upstream side and three stages on the downstream 
side. Each filter stage is three meters wide to permit placement by end 
dumping from trucks and spreading in layers by mechanical methods. The 
filters are to be compacted along with core material and in the same manner. 
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The core material is to be placed in 30-centimeter or 15-centimeter layers 
and compacted with either rubber tired or sheeps foot rollers, respectively. 
The moisture content is to be controlled to develop the maximum practicable 
density with four passes of the compaction equipment. 

The grout curtain is shown on Figure 12. The deep cutoff grout curtain ex- 
tends from the left abutment of the dam to the spillway structure on the right 
bank where it connects with the grout curtain under the gallery in the crest 
structure of the spillway. The grout curtain terminates beyond the right end 
of the spillway at elevation 495.0 meters (the crest of the dam). The stage 
grouting method by zones will be used to develop the grout curtain. Each 
hole is to be washed and pressure tested prior to the introduction of grout. 
The following table shows the specified grouting criteria for each stage. 


Design Spacing 


Stage Depth in Meters Maximum Pressure Meters 

I 6 1.0 kg/cm2 1.60+ 
0 15 3.5 kg/cm? 1.604 
sant 30 7.0 kg/cm2 1.604 
IV 60 7-14 kg/cm? 6.504 
90 14-21 kg/cm? 


As each stage of grouting is completed the pressures for the succeeding stage 
may be increased. Stage I serves primarily as a low pressure, foundation 
consolidation operation. 

In the foregoing tabulation Stages II and III are further extensions for the 
grout holes started as Stage I. Stage IV constitutes an exploration and a check 
by extending approximately every fourth hole of the Stage III pattern. Stage V 


comprises random spaced check holes, primarily for further exploring leaky 
areas detected by stage operations. 


Constructional Materials 5 


Exploration for suitable construction materials revealed that soil suitable 
for use as an impervious core, quarriable rock for constructing the shells of 
the dam and a supply of sand and gravel which could be processed for use as 
filter material were available within economic haul distances. The soil bor- 
row area is located on a plateau approximately 1-1/4 kilometers from the dam 
site at an elevation of about 400 meters above sea level. A series of test pits 
defined the soil profile as having an average of ten centimeters of topsoil 
below which there is a zone of loamy sand averaging 0.6 to 0.8 meters in 
thickness, which in turn is underlain by a third zone similar to the loamy 
sand, except for the presence of calcium carbonate nodules formed by repre- 
cipitation of the calcareous materials leeched from the overlying zones. Our 
present plans are to use the second zone with an average thickness of 0.7 
meters. It may well be that after the borrow area is opened some area of the 
third zone may not have an excessive percentage of calcareous nodules. If 
such is the case, these materials may be used for the impervious core. 
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Laboratory tests of the impervious borrow material indicate that it has a 
natural moisture content of 22 percent. The moisture content does not appear 
to decrease during the dry season. Laboratory compaction tests of the bor- 
row material disclosed an average optimum moisture content of 14.5 percent 
and a corresponding average dry density of 116.5 pounds per cubic foot. Tri- 
axial tests of the compacted borrow material were made and the results in- 
corporated in the final design of the dam. The results indicated that an aver- 
age friction value of thirteen degrees and cohesion of 1.1 kg/square centimeter 
could be used. Approximately 80 percent of the borrow material passed a 200 
sieve and when compacted provided a low coefficient of impermeability. 
Further testing revealed that compaction of material with moisture contents 
above optimum would result in the development of high pore pressures. 
Therefore, field moisture control must carefully be followed and methods 
developed to reduce the natural moisture content prior to compaction in the 
impervious core. 

The steep walls of the Derbendi Khan gorge are favorable to quarrying 
operations and quarries can easily be developed on either bank within a kilo- 
meter or so of the dam site. 

The Qarah Chaug limestone which forms the steep walls of the gorge is a 
moderately hard, dense to porous rock suitable for the shell of a rockfill dam 
or, when crushed, for concrete aggregate. A test area on the right bank was 
blasted to explore the quarriability of the material and the manner in which it 
would break when blasted. . The results of the test blasts were extremely 
satisfactory. Generally, the blast produced no boulders larger than 0.2 cubic 
meters and retrievable sizes were well assorted from four to 75 centimeters. 
There were some slabby and splintery fragments in the smaller sizes, but in- 
asmuch as these fragments will settle into the voids between the larger blocks 
the percentage was not considered objectionable. Bonding surfaces were clean 
and rough and the amount of fines was nct excessive. Compression tests on 
cores of the Qarah Chauq limestone gave values in the 800 to 900 kilogram 
per square centimeter (11,500 psi) range at failure. 

Suitable sources of gravel and sand are located on the Diyala-Sirwan 
River with the major deposit approximately five kilometers upstream from 
the dam site. It is estimated that at least four million cubic meters are 
readily available in a deposit several hundred meters wide and over a kilo- 
meter long. This is more than ample for use as concrete aggregate and filter 
material. The deposits consist of almost unstratified and practically uncon- 
solidated alluvial and talus materials derived mainly from limestone with 
some chert, basic igneous and metamorphic rocks. These materials contain 
some 40 percent sand with grading reasonably satisfactory for use in con- 


crete,but will require washing since the proportion of clay and silt is fairly 
high. 


Construction 


Major construction started in February 1956. The initial operations were 
completion of the access roads, construction plant preparations; excavation 
and completion of the diversion facilities. 


Some of the basic unit bid prices for construction at the time of award are 
listed below: 
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Item Unit Price/cubic meter 
Rockfill $1.75 
Filters $4.80 
Core Material $1.75 
Open Common $0.65 
Excavation 
Open Rock $2.30 
Concrete (Including Cement, 
Forms, and Reinforcement) $30.00 (Average All Classes) 


The initial diversion scheme planned on the use of a low cofferdam 
(incorporated in the upstream shell with an impervious blanket) for dry 
season closure. This plan provided sufficient time to construct the upstream 
shell and central core to elevation 425 meters with sufficient downstream 
shell for stability. Thus, in this scheme the main core would serve as the 
wet season cofferdam and enable flows of 1600 cubic mete? per second to 
pass through the two diversion tunnels. Including the effect of storage up- 
stream of the cofferdam, floods of 2600 cubic meters per second could be 
handled without overtopping. 

However, construction difficulties delayed the start of diversion and the 
initial wet season cofferdam scheme was modified. The present cofferdam 
scheme is shown on Figure 10. The effect of the modification was to reduce 
the amount of material to be placed prior to wet season diversion and thus 
minimize the delays. 


SUMMARY 


As of the end of March 1958 approximately 30 percent of the total excava- 
tion was accomplished. The diversion facilities are being readied for turn- 
ing the river into the tunnels in the near future, when flood flows are no 
longer expected. 

A tabulation of the salient features of the Derbendi Khan project is shown 
on Figure 13. A photograph of a model showing the completed project is 
shown on Figure 14. The model indicates the anticipated extent of the 
excavation above the dam. 

The Development Board of Iraq through their First Technical Section 
have administrated the development of the Derbendi Khan project. 

The dam is under construction by the Derbendi Khan Contractors, a joint 
venture headed by the J. A. Jones Construction Company of Charlotte, North 
Carolina. 

The hydraulic model studies of the spillway and outlet works were per- 
formed by Dr. Lorenz G. Straub, M. ASCE, at the St. Anthony Falls 
Laboratory of the University of Minnesota. 

Mr. I. C. Steele served as Consultant on the foundation and rockfill dam 
design. 

Mr. D. W. Griffiths, Affiliate Member ASCE, is serving as Resident Engi- 
neer at the project. 
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Mr. D. P. Roberts, M. ASCE, served as the Project Manager in early 
stages of design. Mr. E. J. Beck, A.M. ASCE, is presently serving as 
Project Manager. 


SIGNIFICANT DATA 


DERBENDI KHAN ROCKFILL 


Drainage Area 17850s9.km. 6883 sq miles 


Length of Reservoir 30 km. /8.6 miles 


Mox Height of Dam /35 m. 443 feet 


Width of Base 


5/3 m. feet 


Crest Length 445 m. /460 feet 


Totai Volume of Fill 


ZOOQOOO cu.m. 3I5E000 cy 
Material Characteristics 
Impervious Core @= /3° Cohesion=1/./ kg/sg.cm. 
Dumped Rockfill = 38° 


Fig. 13 
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Journal of the 
POWER DIVISION 


Proceedings of the American Society of Civil Engineers 


ROCKFILL DAMS: NANTAHALA SLOPING CORE DAM®# 


James P. Growdon, ! M. ASCE 
(Proc. Paper 1742) 


ABSTRACT 


The design of a 250-foot high sloping core rockfill dam, part of a hydro- 
electric project, was determined to facilitate construction with materials 
readily available at the site. The paper describes the site and discusses 
construction procedures and performance. 


INTRODUCTION 


| The Nantahala Hydroelectric Development is owned and operated by the 
Nantahala Power and Light Company, a subsidiary of the Aluminum Company 
of America. It is situated on the Nantahala River, in southwestern North 
Carolina, where steep slopes permit a high head development in a relatively 
short reach of river. The development consists of an earth-faced rock-fill 
dam, 250 feet high, creating a reservoir with 126,000 acre feet of useful stor- 
age, a spillway, a diversion tunnel, a conduit from the dam to the powerhouse, 
consisting of tunnels and a penstock, and a single 60,000 hp. hydroelectric 
generating unit operating under a maximum static head of 1,008 feet. The 
construction of the project was started in July 1940 and completed in July 
1942. It has been in successful operation since that date. 

The dam site is at the upper end of the Nantahala gorge, where the river 
flows between a rocky promontory on the left bank and a 40-degree solid rock 
slope on the right bank. (Figures 1 and 2.) The rock at the dam site isa 
metamorphic sandstone, called arkose. While the bed rock has been folded it 
occurs at the dam site in massive strata with few cracks or seams. It is ex- 
ceptionally water-tight. It is an excellent site for any type of dam, except an 


Note; Discussion open until January 1, 1959. Separate discussions should be submitted 
for the individual papers in this symposium. To extend the closing date one month, 
a written request must be filed with the Executive Secretary, ASCE. Paper 1742 is 
part of the copyrighted Journal of the Power Division, Proceedings of the American 
Society of Civil Engineers, Vol. 84, No. PO 4, August, 1958. 


a. Presented at the October 1948 ASCE Convention in New York, N.Y. 
1. Consultant, Aluminum Co. of America, Pittsburgh, Pa. 
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earth dam for which suitable material is not available. The dam site was ac- 
quired by the parent company in 1911. Since that date many different types of 
dams, including concrete gravity, combination gravity and arch, pure arch, 
multiple arch, Ambersen, and rock-fill have been designed for this site. 

Every type studied could be made to fit the site reasonably well, with varying 
degrees of effectiveness and economy. The rock-fill dam appeared particu- 
larly advantageous. Rock-fill dams as of 1935 had some type of a more or 
less rigid impervious upstream face which appeared likely to crack due to 
continued settlement of the rock fill. A flexible impervious face capable of 
adjusting itself to settlement appeared desirable. 

Many of the lakes in northern United States and Canada have been formed 
by glaciers. The glacial moraine filling up old stream beds made effective 
dams. Generally speaking, they consist of coarse gravel, with progressively 
finer material upstream and are sealed at the upper surface by glacial silt. 
Most of them are surprisingly water-tight and have functioned since the 
glaciers disappeared, - a period of several thousand years. It appeared feasi- 
ble to use the same technique in a man-made structure. Further study of the 
problem indicated that a suitable filter would prevent the migration of an im- 
pervious earth core through the pervious rock-fill and that a reverse filter 


covered with rock would protect the earth core from wave action and sudden 
drawdown. 


Design 


This conclusion was checked by a small model, consisting of a 12-inch 
steel pipe closed at the bottom with a perforated plate and at the top with a 
cap having a pipe connection. A layer of 2-inch crushed rock, 4 inches thick, 
placed on a perforated plate, represented the main body of the dam. Above 
this was placed a 10-inch layer of 1/2 inch to one inch gravel and a 14-inch 
layer of fine sand. Above the sand a 30-inch layer of compacted earth repre- 
sented the impervious core. This impervious core was placed in layers and 
compacted by rodding equivalent to the compaction, which could be obtained 
by sheep’s-foot rollers. Above the impervious section a reverse filter was 
placed, consisting of 4 inches of fine sand, 4 inches of 1/2 to one inch gravel, 
and 8 inches of crushed rock. Water under a head of 275 feet was admitted to 
the space at the top of the model and the performance of the impervious core 
and the filter noted. This model was kept under pressure for several months. 
The seepage, when it could be measured, checked the permeability of the 
core material as determined in the Soil Mechanics Laboratory. (When the 

air was dry, seepage evaporated and could not be measured.) No passage of 
the impervious material through the filter could be detected. When the model 
was dismantled after more than a year of operation, the impervious core was 
found to have been compacted into a dense hard mass, which contained little 
or no water. Other models were made and tested, with substantially the same 
result. 

An earth deposit near the site, available for use as an impervious core, 
was tested and found satisfactory. All of the studies and tests indicated that 
an earth-faced rock-fill dam, built of materials readily available at the 
Nantahala site, would be a safe and economical structure. 

The design of the earth-faced rock-fill dam for the Nantahala site proved 
to be relatively simple. (Figure 3.) 
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Downstream Edge of Crest 
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(@) TYPICAL CROSS SECTION OF DAM 


Flood Surcharge 


El. 
El. 2890 - Max. 


Normal Reservoir 


11'0" 11'0" 


(6) CREST DETAILS OF DAM 
Figure 3 


Figure 3 


Hydrology 


The drainage area above the dam site is 91 square miles. It is moun- 
tainous, with steep forest-covered slopes. The average run-off is 331 c.f.s. 
It is believed that large, sharp crested floods, of short duration are possible, 
although there is no evidence of a flood exceeding 15,000 c.f.s. since the val- 
ley was settled 150 years ago. The full reservoir, with water surface at 
Elevation 2890 (N. P. & L. Co. Datum) has a surface area of 1,631 acres. 

A diversion tunnel, 16 feet in diameter and 1,400 feet long, through the 
left abutment, together with an earth and rock-fill cofferdam, 50 feet high, 
diverted the river during construction. The diversion works were designed 
for a flood of 7,500 c.f.s., or about one half the record flood. 

An adequate spillway is an essential feature of all dams. The Nantahala 
spillway (Figure 4) was designed as a channel, cut through the solid, rock of 
the right abutment, having a discharge capacity of 57,500 c.f.s., equivalent to 
a peak inflow of 88,000 c.f.s, utilizing a surcharge of 13 feet. The spillway 
will take care of a flood peak of 978 c.f.s. per square mile, without 
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PLAN AND DETAILS OF SPILLWAY 


Figure 4 


Figure 4 


encroaching on the 7 feet of freeboard above the surcharge level. (Figure 5.) 
The excavation from the spillway provided the rockfill for the dam. The 
spillway channel ends on a steep hillside, 400 feet downstream from the toe 
of the dam. The spillway discharge cascades into the original river channel. 
The upper end of the spillway is closed by four hand operated Tainter 
gates, each 19 feet deep by 25 feet wide, and two sections of fuse plug be- 
tween the end of the gate structure and the rock cut at the right of the spill- 
way. The fuse plug adjacent to the Tainter gate structure is 33 feet 4 inches 
long, with its sill at Elevation 2871 and its crest at Elevation 2892, two feet 
above the crest of the Tainter gates. The fuse plug is composed of crushed 
rock, made watertight by a sand filter and earth blanket on the upstream 
slope. The earth blanket is protected against wave action by a filter and 
small rock cover. It is, in effect, a miniature earth-faced rock-fill dam, 
which will wash out when overtopped by more than one foot of water. The 
fuse plug adjacent to the rock cut is 25 feet long with its crest at Elevation 
2890. 5. It is not intended to wash out when overtopped, but was provided 
primarily as a cushion to stop any rock which might spall off from the rock 
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Figure 5 


face above it, without injury to the Tainter gates orfuse plug proper. The 
Tainter gates are counterbalanced and geared so that they can be opened or 
closed easily by one man. Hydraulic models of the spillway were made and 
tested. The final design was based on these tests. 

The dam was designed as a triangular section rock-fill across the gorge, 
to be placed in one or more lifts as convenient for construction. (Figure 6.) 
Selective dumping placed the largest rock in the downstream part of the fill 
and the smallest quarry-run rock in the upstream part of the fill so that the 
voids in the main rock-fill would become progressively larger from the up- 
stream face to the downstream face. Both the upstream and downstream 
slopes of the rock-fill were to be the natural angle of repose of the dumped 
rock. The first filter layer, 14.75 feet thick, was composed of selected rock 
not larger than 10 inches and not smaller than 3 inches. The second filter 
layer, 6.5 feet thick, was composed of crushed rock not larger than 3 inches 
and not smaller than 1/2 inch. The third filter layer, 6.5 feet thick, was 
composed of crushed rock fines smaller than 1/2 inch. The sizes specified 
and the grading of the filter materials produced by crushing fulfills the re- 
quirements that voids between the larger particles are filled by progressively 
smaller particles so as to prevent migration of the finer material. Theoreti- 
cally, only a very thin filter layer would have been required. Actually, each 
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filter was designed thick enough to be placed without difficulty and to adjust 
itself to settlement of the rock-fill without danger of rupture. 

Only a small amount of material suitable for an impervious rolled fill 
was available near the site. This limited the rolled fill to a thickness re- 
quired to prevent excessive seepage. Laboratory tests determined that an 
impervious rolled fill, 29 feet thick at the bottom, where the head is 230 feet, 
and 13 feet thick at the top, would have a seepage rate of not more than 2.75 
cubic feet per minute, which was satisfactory. The rolled fill makes contact 
with the foundation in a cut-off trench excavated to solid rock and grouted. 

A 5 foot layer of crushed rock fines minus 1/2 inch and a second 5 foot layer 
of crushed rock 3 inches to 1/2 inch provides a reverse filter, above which 
was placed a layer of quarry-run rock to protect the rolled fill from wave 
action and the effect of sudden drawdown. The action of the rolled fill when 
subjected to the stress due to sudden drawdown and the ability of the up- 
stream rock-fill to resist this stress was uncertain. To avoid these uncer- 
tainties, quarry-run rock was added until the core was safe against sliding, 
when analyzed by the circular arc method generally used to determine the 
stability of earth-fills made of homogeneous material. The resulting up- 
stream slope is 1 on 2-1/2. Since the material above the rolled fill is free 
draining, the design is amply safe. The space between the diversion 
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cofferdam and the main dam was filled with quarry waste, making the coffer- 
dam an integral part of the main structure and increasing stability against 
sliding where drawdown stresses are the maximum. The upstream faces of 
the rock-fill, the filters, and the impervious rolled fill, are convex upstream 
so that as the dam settles the filters and the rolled fill will be further com- 
pacted. The top of the dam in the deepest section was cambered approximately 
9 feet higher than the abutments to compensate for settlement. 


Construction 


After signing the contract in July 1940, the contractor began to assemble 
his forces and equipment and start work on clearing the dam site. To satis- 
factorily schedule the dam construction it was necessary to complete the 
river diversion as early as possible and most of the early work was devoted 
to the diversion tunnel. The contractor’s forces began the portal excavation 
in September 1940 and had holed through in three and one half months. This 
was followed by construction of the concrete intake portal and placement of 
the concrete tunnel lining. Diversion was accomplished in March 1941. 

As work progressed on the diversion structure, other forces completed the 
clearing and stripping of the dam site. Stripping was largely accomplished by 
ground sluicing using a total pump capacity of 8,400 gallons per minute at 275 
feet head through light weight monitors. The larger materials which were not 
carried away by the river were excavated at the river’s edge by power shovel 
and removed by truck. The entire foundation area occupied by the main rock- 
fill was stripped to rock. In the area covered by the impervious earth core, 
a cut-off trench was excavated to solid rock. Although it was necessary to 
excavate this trench 10 to 15 feet deep in one area, for the most part the cut- 
off trench excavation was limited to 2 to 6 feet. Upstream of the earth core, 
the foundation was only stripped of top soil and vegetation. Actually, how- 
ever, there was little overburden remaining on the rock in this zone. In the 
cut-off trench area a grout seal was placed by drilling a series of percussion 
holes 25 feet deep and spaced on about 20-foot centers. These were fol- 
lowed by intermediate grout holes and further intermediate grout holes were 
required. In general, these holes were sealed at pressures ranging from 75 
to 150 pounds per square inch. Following completion of this surface grout- 
ing, diamond core holes were drilled to a depth of 125 feet with holes spaced 
100 feet apart in a single line near the center line of the cut-off trench. 

Many of these holes were drilled in an inclined position to intercept as many 
rock seams as possible. This curtain grouting was placed at 250 pounds per 
square inch pressure. Following completion at this spacing, intermediates 
were grouted until the holes were spaced 25 feet apart, and in some cases as 
close as 12-1/2 feet. Approximately 8,000 barrels of cement grout was re- 
quired to make the foundation water -tight. 

As soon as the diversion tunnel was ready for the river flow, a cofferdam 
was placed across the river channel and diversion accomplished. The coffer- 
dam consisted principally of a rock-fill with an impervious blanket on the 
upstream slope, which later became part of the upstream toe of the main dam. 
With the river diverted, the balance of the stripping, grouting and foundation 
excavation was accomplished. 

The spillway excavation was developed as a quarry and main source of 
rock for the dam. After stripping most of the earth and soft rock overburden, 
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the hill was benched in at the dam crest elevation using wagon drills. When 
the bench was wide enough to form a shelf to hold the muck produced by 
coyote blasting, the shooting was done from coyote holes. After completing 
all excavation above this bench, work was started on the channel using wagon 
drills and excavating in benches approximately 20 feet deep until the channel 
grade was reached. The spillway layout was adjusted from time to time so 
that a balance could be established between quarry cut and embankment fill. 
The rock from the spillway was used in the main rockfill, end dumping from 
a series of high lifts averaging from 50 to 130 feet in height. In January 1941 
the main downstream rock-fill was started beginning on the right abutment 
at a level 130 feet above the river bed. When the river was finally diverted it 
was necessary to get the fill over the left abutment as quickly as possible to 
prevent a delay in placement of the rolled earth-fill. This was accomplished 
by ramping down and reducing the height of the lift to 100 feet. Following 
this, the entire area was brought up to the 130-foot level and thereafter car- 
ried up in high uniform lifts across the entire width of the dam. The original 
dump slope of the rock was estimated to be one vertical to 1.4 horizontal and 
was thus shown on the contract drawings. However, actual observations dur- 
ing placement indicated that the rock was dumping to slopes of one vertical 
to between 1.30 and 1.35 horizontal. It was therefore necessary to regulate 
the placement of the rock lifts so that the actual placed downstream slope 
would approximate the slope shown on the drawings. 

All quarry rock dumped on the fill was sluiced with water to wash the fines 
and chips into the voids of the larger rock. The sluicing plant provided 18 
cubic feet of water per second under 275 feet head at the monitors. The ratio 
of water to rock-fill exceeded 4, which undoubtedly reduced the settlement 
which otherwise would have taken place. (Figure 7.) 

The character of the rock and the methods of shooting produced quarry-run 
rock varying in size from 10 tons to dust. Normal quarry operation resulted 
in some trucks being loaded only with large rock, some loaded with small 
rock, and some loaded with a mixture of intermediate sizes. Selective dump- 
ing permitted placing most of the large rock in the downstream section of the 
fill and most of the small rock in the upstream section of the fill. This was 
accomplished without interfering with the quarry operation. Mention should 
be made of the compacting effect on the fill when dumping at the top of a high 
lift, particularly where the rock was large. It had been intended to smooth up 
the downstream slope but it was found impossible to move any of the rock 
without shooting. It was also found to be difficult and expensive to smooth 
up the slope by adding rock after completion of the fill. For these reasons 
the downstream slope of the fill was left exactly as placed. Some hand chink- 
ing was done on the upstream slope, particularly near the bottom where the 
voids were large. The surface of each lift was thoroughly scarified and 
sluiced to remove fines. (Figure 8.) 

All filter materials were processed from small quarry rock and tunnel 
muck. Processed tunnel muck produced an excellent sand. Rigid laboratory 
control was exercised over the manufacture of the graded filter materials. 
Besides the usual grading, permeability and density tests, a high head per- 
meability test was used to determine the suitability of the various filter 
materials for use in the dam. The pyralin walls of the permeameter per- 
mitted visual inspection of the filter materials for evidence of piping during 
testing. The minus 1/2 inch sand required the most careful control and a 
large share of the tests were confined to this material. The constant head 
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type of test was used under gradients as high as 104. Besides visual inspec- 
tion, which for several materials was test enough, a comparison of the grain 
size distribution before and after the test was made to study the extent of 
readjustments in the grading of the sand during the test. Records indicate 
that this constant control over processed filter material resulted in the con- 
struction of an effective transition from the fine soil particles to the large 
quarry-run rock. 

The 3 to 10 inch filter material was first placed from the bottom of the 
dam just several feet ahead of the other filter materials, but, as considerable 
interference developed in placement, the balance of this material was dumped 
down for heights of approximately 100 feet from the main rock-fill without 
undue segregation. The 1/2 to 3 inch and the minus 1/2 inch materials were 
placed from the bottom using 5-yard dumptors. The sand filter was always 
placed at a level slightly below the 1/2 to 3 inch rock to preserve continuity 
of the filters. Both materials were sluiced, spread and compacted with 
dozers and rollers. As it was necessary to cross the rolled earth-fill in 
placing these filter materials, considerable care had to be exercised to pre- 
vent tracking the earth onto the filter materials and thereby reducing their 
effectiveness. These filter materials could also be placed to advantage by 
dumping from the top of the main rock-fill through chutes. 
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Figure 7 


Before any rolled earth-fill was placed, the bottom of the cut-off trench 
was scrubbed clean with compressed air and water. One borrow pit provided 
all earth material incorporated in the dam. This was developed as a scraper 
pit using four carry-all scrapers of from 16 to 20 cubic yards capacity hauled 
by RD-8 tractors. The earth-fill was placed in the core using bull-dozers to 
grade and spread the material. Compaction was attained with two sheep’s foot 
rollers mounted side by side, with 176 tamping feet, each having an area of 
5.4 square inches and developing a pressure of 293 pounds per square inch 
when fully loaded. In areas where the roller was inaccessible, the fill was 
compacted by power tampers. Additional compaction was obtained by the haul- 
ing and placing equipment which was not permitted to track. The fill was 
placed in 6-inch horizontal layers just slightly behind the placement of the 
downstream filter materials. 

For purposes of control and before placing any earth-fill, a test fill was 
constructed to study compaction of the soil under various combinations of 
rolling equipment. A study of the test fill results was the basis of the place- 
ment criteria developed for the dam fill. Regular periodic sampling was 


started and laboratory tests performed to check the results against the cri- 
teria. 
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Originally it was planned to require the impervious core to be compacted 
to a density of 98 pounds per cubic foot dry weight as determined by the 
Proctor test. At this density, the optimum water content averaged 22.3 per 
cent. After rolled fill operations were started it was evident that strict ad- 
herence to the optimum water content would be impossible. The natural 
water content of the borrow pit averaged 5 per cent higher than the optimum 
value and there was no opportunity to dry it because of the excessive rainfall 
in the area. 

A study was made to determine how rapidly the core would consolidate, 
using soil characteristics obtained from the consolidation test, and assuming 
the material was placed at a moisture content greater than the optimum value. 
These studies indicated that by the time construction was completed the earth 
core would be fully consolidated under the superimposed loads of the up- 
stream rock-fill and filters, no matter if the material was placed wet. With 
this in mind, the following criteria were developed as compaction require- 
ments for the impervious rolled fill: 


1) The minimum compaction should be that which is required by the 
static state (no drawdown). Under this condition, the required average unit 
dry density was 94.0 pounds per cubic foot. Dry weights less than 90.0 
pounds per cubic foot were limited to one per cent of the samples tested. 


2) The minimum water content was limited to 2 per cent less than the 
optimum value as determined from the Proctor test. 


3) The maximum water content was limited by the ability of the hauling 
equipment to operate without miring. 


Placing the material on the wet side of the optimum water content had the 
advantages of low air voids and a flexible core which could readily adjust it- 
self to the initial readjustments that take place in the main rockfill. 

Three methods of control sampling were used on the impervious core: 


1. Moisture samples were taken every two hours during the placement 
of fill to check the water content. 


2. Control cylinders were taken at regular intervals to check the den- 
sity of the fill against that required by the compaction criteria. These 
cylinders were 5 inches in diameter and 5 inches high, and were taken 
with a piece of thin walled pipe with a sharpened end. Samples were 
usually taken at 1-1/2 and 3 feet depths below the surface to avoid distur- 
bance by the sheep’s foot roller and hauling equipment. Since the cylinders 
were calibrated as to weight and volume, the density of the sample was 


readily determined by weighing the full cylinder and determining the 
moisture content. 


3. Chunk samples were taken at regular intervals to check all physical 
properties of the fill. This type of sampling required large test pits and 
interferred somewhat with placement operations. For this reason, tests 
of this type were held to a minimum. It was the most accurate method of 
sampling and was therefore used for record testing. The chunks were ap- 
proximately one cubic foot in size and were taken from the fill at a depth 


of 3 feet and sometimes 5 feet to obviate any disturbance due to hauling 
and rolling equipment. 
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Routine control sampling and testing was performed continuously with the 
placement of the impervious rolled fill. Moisture content results were gen- 
erally available within two hours but, where needed, results were obtained in 
20 minutes if a volumetric method was used. One control cylinder was taken 
on the average with every 1200 cubic yards of earth placed. One chunk sample 
was taken on the average with every 2800 cubic yards of earth placed. 

Chunk samples were subjected to a mass gravity test for density deter - 
mination, specific gravity test, permeability test, mechanical analysis, shear 
and consolidation tests. Figures 9 to 13 indicate the average results of such 
tests. Bag samples were also taken adjacent to each cylinder and chunk sam- 
ple and these were given a compaction test for comparative purposes in study- 
ing the degree of compaction given the rolled earth-fill. 

The density results of all chunk samples have been plotted in graph form, 
including wet and dry unit weights, water content, void ratio and per cent air 
voids. (Figure 14.) Placement of the rolled earth-fill began in June 1941 and 
was completed in November 1941. 

The upstream filters were placed along with the impervious rolled earth 
core. A stability study of the upstream slope indicated that it was permissible 
to let the placement of the upstream rock-fill lag as much as 50 feet behind 
the placement of the rolled earth-fill without any possibility of an earth slide. 
Rock-fill operations were therefore concentrated on completing the main 
downstream rock-fill so as not to hold up the rolled earth-fill operations. 
After the downstream rock-fill had gained considerable lead over the rest of 
the operations, the upstream rock-fill was started. The upstream rock was 
dumped in shallow lifts of 10 to 15 feet high, using two dozers to bring the 
rock to the design slope of 1 on 2-1/2. Most of the rock going into this zone 
of the dam came from a low level in the spillway quarry and was relatively 
clean of dirt and dust. Sluicing was done with a monitor fed by a 1500 gallon 
per minute pump. 

Because of the limited working space at the top of the dam, the various 
zones of material in the upper 40 feet of the embankment were brought up to 
the crest elevation simultaneously, but the same methods and care in place- 
ment were employed. The dam was completed in February 1942, 11 months 
after the site had been unwatered. The following quantities of material were 

used: 


Quarry-run rock 1,692,000 cubic yards. 


Process rock 350,000 cubic yards. 
Rolled earth-fill 223,000 cubic yards. 


Total quantity 
measured in the 
structure 2,265,000 cubic yards. 


A view of the completed dam, with the water surface at Elevation 2858, 
taken October 2, 1942, is shown in Figure 15. 


Performance 


The Nantahala dam has been in operation nine years. The reservoir has 
been substantially filled and emptied each season. Careful inspection has 
failed to disclose any evidence of local settlement or the displacement of 
rock. The spillway has been used three times. 
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Figure 15 


The movement of the crest of the dam, vertically and horizontally, has 
been measured each month. These measurements, including December 1946, 
are shown graphically on Figure 16, from which you can see that the settle- 
ment has been greatest in the highest section of the dam, decreasing to zero 
at the abutments. During the year 1947 the vertical settlement at the highest 
section was 0.19 feet and the horizontal movement downstream was 0. 10 feet. 
Since January 30, 1942, when the dam was closed, the maximum vertical 
settlement has been 2. 16 feet (less than 1 per cent of the height of the fill) 
and the maximum downstream movement has been 1.01 feet. 

A small weir was built across the old channel below the dam so that the 
flow past the dam could be measured. The flow measured at the weir in- 
cludes the surface run-off from an area of 12 acres, the flow of two small 
springs in the abutments downstream from the grout curtain, and the seepage 
from the dam. For this reason the measured flow varied widely. It is shown 
graphically on Figure 17. The actual seepage through the dam cannot be 
definitely determined, but it is believed to be substantially equivalent to the 
computed seepage (2. 75 cubic feet per minute), based on permeability tests 
of the rolled fill. In any event, it is very small. 

Water was released through the spillway for 14 days in May 1944 for 55 
days in January, February, and March, 1946 and for several days in 1950. 
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The maximum rate of release was 5,000 c.f.s. The water released through 
the spillway washed a substantial quantity of loose material from the hillside 
into the old river channel, as it was expected to do. The debris made a 
second dam which submerged the measuring weir. 


CONCLUSION 


The Nantahala rock-fill dam with an impervious earth section on the up- 
stream slope as designed and built, has functioned satisfactorily, with every 
indication that it will continue to do so for an indefinitely long time. 

The following comments appear to be warranted: 


1) The materials from which the dam is built will continue to disinte- 


grate, but at a very slow rate, measured in geological rather than in 
historical time. 


2) Settlement of the rock-fill will continue indefinitely at a decreasing 
rate. 


3) The water load is applied normal to the inclined impervious section 
of the dam. All loads are transmitted directly to the foundation; the 
heaviest load through the shortest distance. 


4) No hydrostatic pressure can be built up in the interior of the dam. 


5) The structure is substantially water-tight. The impervious section 
of the dam adjusts itself to settlement in the rock-fill without rupture. 


6) The dam was constructed of materials readily available at the site. 
The design facilitated construction and no serious difficulties were en- 
countered. 


The dam was designed by and constructed under the supervision of the 
Hydraulic Engineering Department of the Aluminum Company of America. 
It was built by the Utah Construction Company within the time originally 
specified in the contract. 

Doctor Warren J. Mead, Mr. Joel D. Justin, Mr. William P. Creager, 
Doctor Glennon Gilboy, and Mr. Robert R. Philippe served as Consulting 
Engineers during the design and construction of the entire project. Their 
services contributed immeasurably to its success. 
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ROCKFILL DAMS: DAMS WITH SLOPING EARTH CORES* 


James P. Growdon,! M, ASCE 
(Proc, Paper 1743) 


ABSTRACT 


This paper briefly reviews the principles which govern the design of a 
rockfill dam and discusses six rockfill dams with which the author has been 
intimately acquainted since completion of the Nantahala Dam. Bear Creek 
Dam, one of these six, incorporates most improvements in design and con- 
struction learned from experience, 


The conservation and control of water is vital in many parts of the world 
and is becoming increasingly important in all places where resources are be- 
ing developed and population increased. Most projects for the control and 
use of water include a dam at some place in their progress schedule. During 
the last 30 years a great many dams of widely varying types have been con- 
structed. Particularly in the United States, most of the better dam sites have 
been occupied leaving the less desirable sites for present and future develop- 
ment. The high cost of building dams has resulted in a search for better and 
more economical types. As a result of this search the rockfill dam with slop- 
ing impervious earth core was developed. The first dam of this type to be 
constructed was described in a paper entitled “Nantahala Rock Fill Dam with 
Sloping Impervious Core” presented at the annual meeting of the ASCE in 
1948. This paper presented in detail the concept, design, construction, and 
performance of the Nantahala Dam, 

The economy and performance of the Nantahala Dam has been so satis- 
factory that several similar dams have been built and others are being de- 
signed and constructed. This paper is limited to a brief review of the princi- 
ples which govern the design of a rock fill dam and a discussion of the six 
rock fill dams with which the writer has been intimately acquainted since the 
Note: Discussion open until January 1, 1959. Separate discussions should be submitted 

for the individual papers in this symposium. To extend the closing date one month, 

a written request must be filed with the Executive Secretary, ASCE. Paper 1743 is 

part of the copyrighted Journal of the Power Division, Proceedings of the American 

Society of Civil Engineers, Vol. 84, No. PO 4, August, 1958. 

a. Presented at the October 1956 ASCE Conv. in Pittsburgh, Pa. 
1. Consultant, Aluminum Co, of America, Pittsburgh, Pa. 
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completion of the Nantahala Dam. The major part of the discussion will con- 
cern the Bear Creek Dam which was completed in 1953 since it incorporates 
most of the improvements in the design and the construction of rock fill dams 
which have been learned from experience. 

The rock fill dam should be constructed only on a suitable site. The first 
requirement is a supply of sound rock adequate for the structure. Sound rock 
may be described as rock which will not disintegrate in the quarry nor in the 
handling; which is strong enough to sustain the weight of the dam and the water 
load and which will not disintegrate rapidly when exposed to weather. The 
second requirement is an adequate supply of earth suitable for the impervious 
core. Characteristics of “suitable earth” may vary widely without effecting 
the usability for an impervious core provided its characteristics are taken 
into account in the design. If the site permits the use of a diversion tunnel as 
a pressure conduit after the project has been completed and if the quarry can 
provide an adequate spillway the economy of the project will be enhanced. 


Design 


The design of a rock fill dam with sloping earth core is quite simple. It 
consists of the basic triangular rock section dumped at the natural angle of 
repose, with an impervious earth core on the upstream slope from which its 
separated by a suitable filter to prevent the migration of the smaller particles 
into the voids below. The upstream surface of the earth core is protected by 
a filter and a layer of rock thick enough to protect the core from wave action 
and to prevent it from sloughing under sudden draw down, 

With one exception dams of this type so far constructed have had rock 
foundation from which the overburden has been removed. Any foundation 
which can be described as rock or shale is entirely adequate for even a high 
rock fili dam. Alluvial material filling a river channel also provides an ade- 
quate foundation. The foundation problem is greatly simplified because there 
is no sharply differential loading on the foundation. Water load is transmitted 
through the rock fill to the foundation normal to the earth core, so that the 
heaviest water load reaches the foundation through the shortest path. 

A seal trench should be excavated to groutable rock where the earth core 
is in contact with the foundation. This seal trench should be grouted to what- 
ever degree is necessary to limit the passage of water through the foundation 
to an acceptable amount. The core is placed directly on the rock in the seal 
trench. 

Characteristics of the earth core can readily be determined in a soils me- 
chanic laboratory and the impervious core designed to suit the characteristics 
of the material available. The thickness of the core should be such as to 
limit the passage of water through the dam to an acceptable amount. It should 
be wide enough to permit placing with mechanical equipment and thick enough 
to prevent rupture due to differential settlement of the basic rock fill. The 
lower and upper filter zones can be made of sand and gravel or crushed rock 
screened and sized so that “The 15% size of the filter shall be larger than 5 
times the 15% size and smaller than 5 times the 85% size of the adjacent 
filter zone. The 15% size and the 85% size as used in this specification are 
sieve sizes which pass 15% and 85%, respectively, of the material”. The up- 
stream rock blanket is designed to prevent the sloughing of the core under 
conditions of a sudden draw down. The water impounded by the dam compres- 
ses the earth core against the filter material below it so that a core of 


BE, 
bi 
‘ 


ASCE ROCKFILL DAMS 1743-3 


moderate thickness contains very little water and its angle of internal friction 
is much greater than it would be for the same material in saturated condition. 
All rock dams settle due to the break down of the point contact between the 
rocks comprising the basic rock fill and because fine material which may 
separate, some of the larger rocks will in time migrate into the voids below. 
Settlement is both downward and downstream. The downstream settlement 
being generally 1/2 magnitude of the vertical. The basic rock fill should be 
designed convex upstream so that when settlement occurs it will further com- 
pact the earth core. The dam should be given a camber so that the center of 


the structure will be at least as high as the abutments after a long period of 
settlement. 


Existing Dams 


Fig. 1 shows the profile of the existing rock fill dams referred to herein. 
On this you can see that the dams vary in height from 76 feet to 317 feet. With 
one exception the downstream slope is the natural angle of repose which is 
substantially one vertical on 1.3 horizontal. The downstream slope of the 
Kenney Dam consists of a series of berms which brings the average slope to 
one vertical on 1.75 horizontal. In each of the dams shown the upstream 
cofferdam has been incorporated in the structure. The upstream slope of the 
7 days shown varies from one vertical on 2 horizontal to one vertical on 2.5 
horizontal with a steeper slope at the top of all except Kenney Dam. 


The following are pictures of several of the dams under construction and 
completed. 


Figure 2 
Figure 3 
Figure 4 
Figure 5 
Figure 6 
Figure 7 
Figure 8 
Figure 9 
Figure 10 
Figure 11 
Figure 12 
Figure 13 
Figure 14 
Figure 15 
Figure 16 
Figure 17 
Figure 18 
Figure 19 


Figure 20 
Figure 21 


Queens Creek Dam - Reservoir Filled 

Queens Creek - Spillway Channel 

Queens Creek - Fuse Plug Controlling Spillway 

Nantahala Dam - Downstream Face 

Nantahala Dam - Upstream Face with Partially Filled Dam 
Nantahala - Flood Gates and Fuse Plug 

Cedar Cliff Dam - Under Construction 

Cedar Cliff Dam - Partially Filled Reservoir 

Cedar Cliff Dam - Cascade Spillway Discharging 3,000 c.f.s. 
Bear Creek Dam - Under Construction 

Bear Creek Dam - Under Construction 

Bear Creek Dam - Downstream Face 

Bear Creek Dam - Full Reservoir 

Bear Creek Dam - Constructing Fuse Plug 

Bear Creek Dam - Cascade Spillway 

Bear Creek Dam - Cascade Spillway Discharging 2,000 c.f.s. 
Tennessee Creek Dam - Partially Filled Reservoir 
Tennessee Creek Dam - Tainter Gate and Fuse Plug Control- 
ling Spillway 

Wolf Creek Dam - Partially Filled Reservoir 

Wolf Creek Dam - Tainter Gate and Fuse Plug 


The rock used in Nantahala was very hard massive arkose. Quarrying 


methods produced rock of all sizes. Some single rocks were a full load for a 
truck, The rock at Queens Creek was also arkose but much less massive. 
Rock at Cedar Cliff, Bear Creek, Wolf Creek, and East Fork is a good quality 


shist much softer than the arkose. The rock used for the Kenney Dam was 
very sound hard basalt. 
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Figure 20 


Figure 21 
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Unlimited quantities of sand, gravel, and silt were available at the Kenney 
site. Sand and gravel was used for the filter layers and the silt for the im- 
pervious core. The impervious earth available at Nantahala, Queens Creek, 
Cedar Cliff, Bear Creek, Wolf Creek, and East Fork dams was quite similar 
although by no means identical. Fig. 22 shows the optimum soil conditions, 
Fig. 23 shows the in place soil conditions, and Fig. 24 shows the general soil 
characteristics for each of these six dams. Fig. 24 also shows the vertical 
and horizontal settlement and the leakage. 

You will note that the settlement varies from 2.85 feet vertical, 1.53 feet 
horizontal to 0.28 feet vertical and 0.18 feet horizontal at Queens Creek, The 
amount of settlement is partly determined by the construction procedure. 


Leakage 


There has been no measurable leakage passed the Kenney Dam. In case of 
the other dams leakage has been collected immediately below the dam and 
measured when the reservoir was full during dry weather. The leakage varies 
from 14,6 cubic feet per minute at Wolf Creek to 2.67 cubic feet per minute at 
East Fork. It is probable that most or all of the measured leakage is through 
the foundation rather than through the impervious core. The small amount of 
water which passes through the core would certainly be evaporated before 
reaching the point where it can be measured. 


Bear Creek Dam 


Experience gained in constructing these several rock rill dams has result- 
ed in improving some features of the design and the construction procedures 
used at Nantahala. The Bear Creek Dam completed in November 1953 in- 
corporates most of these improvements. A more detailed description of the 
design and construction of Bear Creek will illustrate the latest procedures 
for a rock fill dam at the Bear Creek site, In this connection it should be 
emphasized that no two dam sites are identical and the design and construction 
procedures should be varied to suit the particular site. 


The Site 


The Bear Creek site is on the East Fork of the Tuckasegee River in 
western North Carolina. The drainage area is 75.3 square miles. The aver- 
age flow is 207 c.f.s. The maximum flood on record is 21,000 c.f.s. and the 
minimum flow 1.0 c.f.s. The site is a narrow gorge with massive shist on the 
right abutment and somewhat less massive shist on the bottom and left 
abutment. The site would be suitable for a concrete gravity dam but would 
require extensive excavation to reach a suitable foundation particularly on the 
left abutment. A supply of earth adequate for an earth dam is not readily 
available, It is an excellent site for a rock fill dam. 

Fig. 25 is a plan of the entire project. The dam is 215 feet high and 775 
feet long at the crest. It contains 850,000 cubic yards of rock, 70,000 cubic 
yards of crushed rock filter and 165,000 cubic yards of compacted earth 
measured in the dam, The dam creates a reservoir with a surface area of 
476 acres and a useful storage of 4,536 acre feet. 


Design 


The basic design of the Bear Creek project consists of a rock fill dam with 
an unlined diversion tunnel 1,484 feet long, through the right abutment. The 
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Queens Cedar Bear Wolf East 
ntah Creek Cliff Creek Creek Fork hilhowe 
I. Optimum Soil Conditions 
Water Content (percent) 
21.8 22.1 21.4 22.8 22.6 24.5 25.3 
23.3 24.0 23.8 30.8 30.5 25.2 27.0 
sees 16.8 20.0 19.5 17.4 19.0 23.8 24.2 
Dry Density (lods./cu.ft.) 
AVETALCrecccccccecseseesese 98.2 98.4 99.4 97.6 97.9 95.7 95.8 
PMXLMUMs 105.8 100.2 101.1 108.5 105.0 98.5 98.0 
PAMAMUM. 88.2 95.0 97.0 85.9 84.0 92.8 94.2 
Figure 22 
UMAR iS S50 
Queens Cedar Bear Wolf East 
bantahala Creek Clife Creek Creek Fork hilhow 
In-Place Soil Conditions 
Water Content (percent) 
AVOTALC 22.6 -- 24.7 25.2 23.0 24.9 26.7 
28.8 -- 22:9 39.5 36.1 33.1 33.5 
co 17.7 -- 5.3 15.2 10.0 16.0 21.2 
bry Density (lbs./cu.ft.) 
Averace...++ 100.0 = -- 96.0 98.0 98.0 94.3 
waximum 109.0 -- -- 102.5 108.8 103.0 104.8 
binimum..... 90.8 -- -- 83.1 83.8 90.0 87.1 
Permeability (cm. 
0.0187 0.0195 0.2513 0.0260 0.1874 0.0100 0.0049 
haximum..+.. 0.0762 0.0430 1.8900 0.1880 1.7000 0.0500 0.1760 
 O.0014 0.0027 0.0084 0.0012 0.0014 0.0015  0,0006 
hear 
Friction Angle (degrees) 
AVOT ALC. 31.4 31.7 32.7 31.8 30.6 30.9 30.5 
35.0 36.0 34.3 3361 33-4 32.0 
PAMAMUMs cecccecsseesesccees 27.9 28.5 29.5 28.8 27.7 28.0 29.0 
Cohesion (lbs./sq.ft.) 
340 403 710 375 455 420 850 
800 600 880 735 680 890 1100 
200 540 0 180 230 700 
Figure 23 
) ci ) 
queens Cedar bear Wolf bast 
III. General Soil Characteristics 
Specific Gravity. 2.77 2.79 2.76 2.75 2.78 2.78 2.82 
lechanical Analys 
Size (mm.) 
ee 0.0040 0.0011 0.4900 0.0016 0.0015 0.0032 0.0020 
0.0200 0.0010 0.1300 0.0210 0.0200 0.0150 0.0080 
: 0.0001 0.0010 0.0010 0.0007 0,000) 0.0009 0.0002 
85, Sise (m.) 
0.464% 1.950 0.412 0.390 0.432 +200 
1.800 4,.000 1.520 1.900 0.600 
0.036 0.050 0.059 0.040 0.110 0.150 
IV. Vertical Settlement (ft.).... 2.95 0.26 1.08 0.95 Obs 0.43 0.16 
Vertical Settlenent 
(ye Of height) .ccccscccsseese 1.12 0.36 0.65 0.43 0.27 0.32 0.21 
torisontal iovement (ft.).... 1.53 0.26 0.54 0.28 0.16 0.12 
VI. Years of Settlement Ubserva- 
15.2 8.3 5.5 3.8 2.8 2.8 0.8 
VII. Leakage 3.1 4.3 8.0 14.6 2.67 
Figure 24 
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lower end of the diversion tunnel to be lined and used as a power conduit. A 
10,000 KW hydroelectric unit is installed in a small powerhouse at the exit 
end of the diversion tunnel. On the right abutment there is a cascade spillway 
with a capacity of 60,000 c.f.s. controlled by one 25 feet by 25 feet tainter gate 
and a fuse plug. 

The design of a rock fill dam should take into account the conditions of the 
site, The character and accessibility of the available material and the con- 
struction procedures, to achieve the optimum economy. 

Measured in the cut, the rock will swell approximately 35% in a dumped 
rock fill. The spillway was designed to furnish exactly the rock required for 
the dam. This resulted in a cascade spillway with three cascades. The ve- 
locity in the spillway was limited to 20 feet per second. The cascades were 
designed to provide a definite quantity of rock at a definite elevation to facili- 
tate hauling to the dam. 

Measured in the cut the compacted earth core shrank 17%. 

Fig. 26 shows a maximum section of the Bear Creek Dam and Fig. 27 
shows a detail of the top part of the dam. 

In this mountainous country there is very little soil but a diligent search 
found enough earth for the impervious core within a mile of the dam. The 
filters were made of crushed and screened rock since there was no sand or 
gravel available. 

The construction of the diversion tunnel was started first. While it was be- 
ing driven the dam site was cleared and loose material removed. When the 
diversion tunnel and intake had been completed the upstream cofferdam was 
built using rock from the lowest cascade. The seal trench was then excavated 
and grouted and the first section of the main rock fill was built taking rock 


from the second cascade. The small upstream section of the main rock fill 
was adopted for 4 reasons. 


(1) It permitted the completion of the seal trench without interfering with 
dumping the main rock fill. 

(2) It used rock from a cascade at the proper elevation. 

(3) It permitted completing the upstream part of the dam to Elevation 2435 
during a dry period. 

(4) It provided a much higher cofferdam to protect the work from floods. 


During the construction period a flood did occur which overtopped the 
cofferdam but did not overtop the initial section of the main rock fill and did 
no damage. 

Fig. 28 shows the grain size specified for the rock filter and sand filter 
and the actual grating of these filters and of the impervious earth. The coarse 
rock filter (3" to 10") was used to smooth up the irregularities in the dump 
rock fill. It was dumped from the top of the dam. The fine rock filter, the 
sand filter and impervious earth was placed in one operation at the same ele- 
vation. Approximately one foot thickness of the filter layers migrated into 
the voids below during the placing operation. 

Impervious material was hauled to the site in trucks, spread by bulldozers 
in 8" layers and compactec with sheep’s foot rollers. Care was exercised to 
be sure that no core was placed at less than the optimum water content. The 
operation of equipment on the impervious fill set the limit to the maximum 
amount of water permissible in the core material. The surface of the im- 
pervious fill was sloped at all times so that rain water would readily drain 
off the fill. The upstream filter and the upstream rock blanket are kept to 
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within a few feet of the top of the impervious fill as it was placed. This pre- 
vented washing the impervious fill during heavy rains. 


Performance 


Bear Creek Dam was closed October 8, 1953 and the reservoir was sub- 
stantially filled by January 1954. Delay in installation of the hydroelectric 
unit made it necessary to use the spillway for several weeks discharging a 
maximum of 5,000 c.f.s. As noted previously a vertical settlement has been 
0.95 feet and the horizontal 0.54 feet. The rate of settlement has decreased 
so that very little settlement is expected to occur in the future. The small 
settlement of approximately one-half per cent of the height of the dam is pri- 
marily due to placing the basic rock fill in one lift rather than in several lifts, 
as was done at Nantahala: and to a very thorough job of sluicing the rock fill 
as it was dumped. 

The rock in the seal trench was reasonably impervious and only a moder- 
ate amount of grouting was done. No attempt was made to be absolutely sure 
that no water passed through the foundation. A perfect job of grouting would 
have cost more than it was worth. The leakage of 8.0 cubic feet per minute is 
very small for a dam of this size and height. It is believed that all of it oc- 
curs through the foundation rather than through the impervious core. 

Since the reservoir filled on November of 1953 it has been drawn down ap- 
proximately 25 feet on several occasions. Generally it has operated within 2 
or 3 feet of full. The leakage has remained relatively constant except during 
rainy weather when the water from a substantial drainage area is included in 
the measured amount. No maintenance of any kind has been required. There 
is reason to believe that no maintenance of the dam will be required in the 
foreseeable future. 


Economy 


The actual cost of the Bear Creek Dam including the spillway has been 
compared with the estimated cost of the concrete gravity dam creating a 
reservoir of the same size. A rock fill dam cost less than one-third of the 
estimated cost of a concrete gravity dam. 

Information with respect to the Kenney Dam was furnished by the Inter- 
national Engineering Company of San Francisco, California with the approval 
of Mr. McNeely DuBose, Vice President of the Aluminum Company of Canada. 
The International Engineering Company designed the Kemono Hydroelectric 
Development including the Kenney Dam. The information with respect to the 
Nantahala, Queens Creek, Cedar Cliff, Bear Creek, Wolf Creek, and East Fork 
Dams was obtained from the Hydraulic Engineering Department of the Alumi- 
num Company of America with the assistance of Mr. B. J. Fletcher, Chief 
Hydraulic Engineer and Chief Assistant Engineer of Alcoa. The filter and soil 
characteristics were supplied by Mr. H. C. Sperry, Engineer, Hydraulic De- 
partment, Alcoa who had charge of the soils mechanics investigations for each 
of the 6 Alcoa Dams. 
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ROCKFILL DAMS: PERFORMANCE OF SEVEN SLOPING CORE DAMS 


James P. Growdon,! M. ASCE 
(Proc. Paper 1744) 


FOREWORD 


This paper is one of a group from the ASCE Symposium on Rockfill Dams, 
June, 1958, at Portland, Oregon. 

For purposes of this Symposium, a rockfill dam is considered to be one 
that relies on dumped rock as a major structural element. Included are rock- 
fill dams of the types with impervious face membranes, sloping earth cores, 
thin central cores, and thick central cores. 

The objective of the Symposium is to assemble experience data on the high- 
er rockfill dams of all types along with discussion by engineers engaged on 
rockfill dam projects. It is hoped that this Symposium will contribute toward 
improved, more economic and higher rockfill dams of all types. 


ABSTRACT 


The design and construction of seven dams is briefly reviewed and per- 
formance is discussed measured in terms of leakage, settlement, control and 
passage of floods, operation, repairs and maintenance. Conclusion reached 
that sloping core rockfill dams so far designed and constructed have per- 
formed to entire satisfaction of owners and operators. 


The Aluminum Company of America in the period 1940 to 1957, inclusive, 
has designed and built seven sloping core rockfill dams. These dams are 
owned and operated by the Nantahala Power & Light Company and Tapoco, 
Inc., subsidiaries of Alcoa. 

Note: Discussion open until January 1, 1959. Separate discussions should be submitted 
for the individual papers in this symposium. To extend the closing date one month, 

a written request must be filed with the Executive Secretary, ASCE. Paper 1744 is 

part of the copyrighted Journal of the Power Division, Proceedings of the American 

Society of Civil Engineers, Vol. 84, No. PO 4, August, 1958. 

1. Consultant, Aluminum Co. of America, Pittsburgh, Pa. 
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The Power Division believes that the performance of these sloping core 
rockfill dams would be of interest to all members of the Society who are con- 
cerned with dam construction; hence this paper. 

A very brief description of the design and construction of these dams is a 
necessary preliminary to a report of their performance. 

The basic structural element of each of these dams is a dumped rockfill 
with slopes the natural angle of repose. The rock for two of the dams is 
sound, hard arkose. The rock used in five of the dams is schist, somewhat 
softer than the zrkose. In all but one case the excavation of a spillway channel 
through an abutment provided the material with which to build the dam. 

An impervious earth core on the upstream slope of the basic rockfill pro- 
vides a watertight membrane. This core is protected on both sides by a grad- 
ed filter which prevent the migration of the finer particles into the larger 
voids. The core is protected from wave action and from sloughing into the 
reservoir by a rock blanket which is free draining. 

The earth core is in direct contact with the rock in the bottom and the 
abutments in a seal trench excavated to sound rock and grouted. The thickness 
of the earth core is determined by three factors: 


1. To eliminate the leakage through the core to an acceptable amount (very 
small). 

2. To permit placing with mechanical equipment. 

3. To prevent rupture due to possible differential settlement. 


The dams are curved upstream and are cambered so that the center section 
of the dam is built to a higher elevation than the abutments. 

The spillway channel through the rock of the abutment is unlined. In the 
Nantahala Dam the flood water flows down a steep slope into the river bed 
well below the toe of the dam. In the other dams the unlined rock spillway 
channel ends in one or more cascades which return the flood water to the 
original river channel quite close to the toe of the dam. The spillways are 
designed in accordance with the TVA flood formula and will pass a flood much 
larger than any flood which can reasonably be expected ever to occur. 

With two exceptions, the spillways are controlled by Tainter gates with a 
capacity equal to the “Hundred Year” flood and by fuse plugs for the re- 
mainder of the spillway designed flood. These fuse plugs are small sloping 
core rockfill dams which will wash out in sections when overtopped. 


Nantahala Dam 


The Nantahala Dam is the first dam of this type to be constructed. (Figs. 
1 and 2) It is located on the Nantahala River in western North Carolina. 


Drainage Area - 91 sq. miles 
Height - 250 ft. 
Length - 1042 ft. 

Total Volume - 2,265,000 cu. yds. 
Useful Storage - 126,000 ac, ft. 


Queens Creek Dam 


The Queens Creek is the second of the sloping core rockfill dams to be 
constructed by Alcoa, (Figs. 3 and 4) It is located on Queens Creek in 
western North Carolina, close to the Nantahala Powerhouse, 
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This dam was built on the alluvial material filling the creek valley. 


Drainage Area 
Height 

Length 

Total Volume 
Useful Storage 


Cedar Cliff 
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3.6 sq. miles 
78 ft. 
382 ft. 


- 89,000 cu. yds. 


490 ac. ft. 


Cedar Cliff is the third of these dams and is located on the east fork of 
the Tuckasegee River in western North Carolina. (Figs. 5 and 6) 


Drainage Area 
Height 

Length 

Total Volume 
Useful Storage 


Bear Creek 


80.7 sq. miles 
165s ft. 
600 ft. 


- 686,000 cu. yds. 


585 ac. ft. 


Bear Creek is the fourth sloping core rockfill dam built by Alcoa. (Figs. 
7 and 8) It is located on the east fork of the Tuckasegee River in western 
North Carolina, at the upper end of the Cedar Cliff reservoir. 
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Drainage Area 
Height 

Length 

Total Volume 
Useful Storage 


Wolf Creek 


Figure 5 


75.3 sq. miles 
215 ft. 
775 ft. 
1,085,000 cu. yds. 
4,536 ac. ft. 


Wolf Creek Dam is located on Wolf Creek a tributary of the east fork of 
the Tuckasegee River in western North Carolina. (Figs. 9 and 10) 


Drainage Area 
Height 

Length 

Total Volume 
Useful Storage 


East Fork Dam 


15.2 sq. miles 
ft. 
ft. 
cu, yds. 
ac. ft. 


This dam is on a tributary of the east fork of the Tuckasegee River in 
western North Carolina. (Figs. 11 and 12) 


Drainage Area 
Height 
Length 


- 24.9 sq. miles 
135 sft. 
- 385 ft. 
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Figure 7 


SA 


(. 


©9088 
SCAR CREEK 


Figure 8 


1744-8 
PO 4 A 
ugust, 1958 
\ 3 
4 
MEP 3 


ROCKFILL DAMS 


| 


Figure 9 


Total Volume - 195,000 cu. yds. 
Useful Storage - 1,250 ac. ft. 


N.B. The Wolf Creek and East Fork Reservoirs are hydraulically connected 
by a tunnel, 


Chilhowee Dam 


This is the latest dam constructed by Alcoa. It consists of a concrete 
gravity spillway and intake with sloping core rockfill abutments. (Figs. 13, 
14 and 16) It is located on the Little Tennessee River in eastern Tennessee. 


Drainage Area - 1,977 sq. miles 
Height 91 ft. 

Length of rockfill sections 655 ft. 

Total Volume 353,000 cu. yds. 
Useful Storage 6,805 ac. ft. 

Six Tainter Gates have a discharge capacity of 230,000 c.f.s. 
with a 5 ft. surcharge. 


Performance 


The performance of a dam may be measured in terms of leakage, settle- 
ment, control and passage of floods, operation, repairs and maintenance, 
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Figure 11 


Nantahala 


Diversion closed February, 1942—Reservoir filled July, 1942. The reser- 
voir has been substantially emptied and filled each year. 

A weir was constructed downstream from the dam to measure leakage. 
The water measured included the runoff from a 12 acres drainage area and 
two small springs downstream from the grout curtain in addition to the 
leakage through the foundation and through the earth core. The water passing 
the weir was measured frequently until January 1950 at which time the wei: 
was rendered inoperative by flood water discharge through the spillway. With 
a full reservoir in dry weather the water measured at the weir amounted tc 
36 gallons per minute. During rains this increased to as much as 135 gallons 
per minute. There is no evidence that the leakage past the dam has increased 
since the reservoir was first filled. It is believed that all of the water which 
passes through the earth core is evaporated before it can be measured and 
that all of the measured water is surface drainage, the flow of the two small 
springs and the leakage through the foundation grout curtain. 

Since the dam was first closed the maximum settlement has been 2.85 ft. 
vertical and 1.53 ft. horizontal. The settlement has been a smooth curve from 
the abutments to the highest section of the dam. There has been no measura- 
ble differential settlement. A graph of the settlement vs. time shows that the 


rate of settlement has decreased so that it will soon be too small to measure. 
(Fig. 15) 
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Figure 13 


On three separate occasions flood water has passed through the spillway 
for periods of several days each. Maximum discharge was 3,200 c.f.s. At 
the lower end of the spillway channel the water flowed down the steep slope to 
the original stream bed and eroded all the loose material from this slope, as 
it was expected to do. No erosion occurred in the unlined spillway channel. 

Spillway flow is controlled by four Tainter gates and a short section of 
fuse plug. One of these gates is automatically controlled by a float 
mechanism. 

Opening and closing the spillway gates and operation of the gates control- 
ling the flow of water into the conduit to the turbine are the only operating 
procedures which have been required at the Nantahala Dam. 

In the sixteen years of operation no repairs whatever have been made to 
the dam. No maintenance, whatever has been required and it is believed that 
no maintenance except painting the spillway gates will be required in the fore- 
seeable future. 


Queen’s Creek 


Completed in 1948. Reservoir filled in 1948. Queen’s Creek Dam was 
built on the alluvial material filling the creek bed. The seal trench was not 
excavated to rock and only a limited amount of foundation grouting was done. 
All the water passing the dam is believed to be leakage through the foundation. 
It amounts to 23 gallons per minute with a full reservoir. It has not increased 
since the reservoir was first filled. 

Queen’s Creek Dam has a rather thick impervious core made of relatively 
poor material and only a thin rock blanket upstream from the core. The 
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Yacina Filter Material in S Embankmant 


Figure 16 


upstream slope of the dam is 2. horizontal on 1. vertical. The dam was in 
part an experiment to determine the effect of an alluvial foundation and a 
steep upstream slope. The small reservoir has been completely emptied on 
several occasions as rapidly as it was feasible to do so. No sloughing of the 
earth core has occurred under conditions of rapid drawdown. The settlement 
of the dam during nine years of operation has been 0.28 feet vertical and 0.18 
feet horizontal. There has been no differential settlement. 

The spillway consists of an unlined rock channel through the left abutment 
ending in a cascade a short distance below the toe of the dam. This spillway 
channel has a capacity of 14,000 c.f.s. and it is closed by two fuse plugs which 
will wash out if overtopped. A conduit under the dam takes water to the pipe 
line leading to the turbine and also to a valve having a flood discharge ca- 
pacity of 100 c.f.s. The flood discharge conduit has been used several times. 
The spillway has not been used. 

The only operation required by the Queen’s Creek Dam has been to open 
the flood discharge valve during very heavy rains. 

The only repair work necessary on Queen’s Creek Dam was performed on 
the concrete conduit just above the flood discharge valve where a crack de- 


veloped. This crack was sealed and the conduit is now operating 
satisfactorily. 
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No other maintenance has been required and the only maintenance which 


can be foreseen is replacing the fuse plugs if and when they are washed out by 
especially large floods. 


Cedar Cliff 


Completed August, 1952. Reservoir filled shortly thereafter. The foun- 
dation and abutments of the Cedar Cliff Dam appeared to be quite tight and 
only a small amount of grouting in the seal trench was done to reduce con- 
struction costs. The leakage measured immediately below the dam was 32 
gallons per minute with the reservoir filled and in dry weather. It has not in- 
creased since the reservoir was filled. It is believed that all of the measured 
leakage comes through the foundation. 

Soon after Cedar Cliff Dam was completed, a crack developed along the 
crest between the upstream rock blanket and the impervious core. The reser- 
voir was later completely emptied at a rapid rate and the entire dam examined 
for sloughing or for areas of distress. No areas of sloughing or distress 
were found to exist. The crack is believed to be a result of not sluicing the 
upstream rock blanket and thereby not obtaining rock to rock contact through- 
out the blanket. The dam performance to date has been completely satis- 
factory. Settlement during five and one-half years of operation has been 1.08 
feet vertical and 0.26 feet horizontal. 

Several floods have passed through the gated spillway channel and over the 
cascade to the river channel close to the downstream toe of the dam. The 
cascade has operated perfectly to absorb the energy of the falling water with 
some small enlargement of the area at the bottom of the cascade. No flood 
in excess of the gate capacity has so far occurred and the fuse plugs have not 
been washed out. 

The flood gate is automatically float controlled. Operation has been limit- 
ed to the discharge of trash through the flood gates. 

The dam has not required any repairs. 

No maintenance has so far been required and none is foreseen except the 
replacement of a section of fuse plugs if it should be washed out. 


Bear Creek 


Completed in October, 1953, Reservoir filled some three months later. 

Only a limited amount of grouting was done in the seal trench, Leakage 
past the dam with the reservoir filled and dry weather has been consistently 
60 gallons per minute. It is believed that all the measured water passes 
through the foundation. The rate of leakage has not changed since the reser- 
voir was filled. 

The Bear Creek Dam was placed in one high lift except for the top 40 feet. 
The main rock fill was heavily sluiced but the upstream rock blanket was not 
sluiced at all. As at Cedar Cliff a crack developed along the crest between 
the upstream rock blanket and the impervious earth core. Experience at 
Cedar Cliff and the performance of Bear Creek Dam have shown that this 
crack in no way affects the operation of the dam. The maximum settlement 
has been 0.95 feet vertical and 0.54 feet horizontal. The reservoir has been 


drawn down on several occasions but has normally operated within a few feet 
of full. 
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The Bear Creek spillway is an unlined channel in the rock of the right 
abutment. It is controlled by one float operated automatic Tainter Gate with 
a “Hundred Year Flood” capacity and a series of fuse plugs with a spillway 
design flood capacity. It terminates in a series of three cascades cut in the 
rock which returns the flood water to the river bed. The spillway has been 
used several times; once for a considerable period with a maximum discharge 
of 3,800 c.f.s. There has been no erosion of the spillway channel and no en- 
largement of the cascades. The fuse plugs have so far remained in place, 


The only operation required at this dam is the discharge of trash through 
the spillway gate. 


No repairs have been required. 
No maintenance has been required and none is foreseen in the future except 


painting the spillway gate and replacing the section of fuse plug if it should be 
washed out. 


Wolf Creek Dam 


Completed in May, 1955—Reservoir filled shortly thereafter. 

The foundation at Wolf Creek is relatively less watertight than the foun- 
dation of the dams previously constructed. Considerable grouting was re- 
quired to limit the loss of water. The leakage measured below the dam with 
the reservoir full in dry weather is 110 gallons per minute. This relatively 
large leakage could have been reduced by further grouting in the seal trench. 
The leakage does not endanger the dam structurally and the cost of the grout- 
ing required to substantially reduce it would have been more than the value of 
the water saved. 

Settlement of the Wolf Creek Dam since the reservoir was filled has been 
0.44 feet vertical and 0.28 feet horizontal. The settlement varies uniformly 
from the highest section of the dam to the abutments. There has been no 
differential settlement. 

The Wolf Creek spillway is an unlined channel cut in the rock of the right 
abutment. The flow in the spillway is controlled by one float operated Tainter 
Gate and two fuse plugs. The channel ends in two cascades which returns the 
water to the stream bed not far below the toe of the dam. Several minor 


floods have passed through the spillway with no erosion and no damage. The 
fuse plugs have remained intact. 


The dam has not required any operation. 
No repairs have been required. 
No maintenance has been required. The only foreseeable maintenance is 


painting the Tainter gate and replacing the fuse plug if and when it is washed 
out. 


East Fork 


Completed in May, 1955. The reservoir was filled shortly thereafter. 

The rock foundation for the East Fork Dam appeared relatively tight and 
only a moderate amount of grouting was done in the seal trench. The leakage 
past the East Fork Dam with the reservoir filled in dry weather is 20 gallons 
per minute all of which is believed to be through the foundation. 

The settlement of the East Fork Dam has been 0.43 feet vertical and 0.16 
feet horizontal diminishing uniformly from the highest section of the dam to 
the abutments. There has been no differential settlement. 
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The East Fork spillway is an unlined channel in the rock of the right 
abutment. The flow in the spillway is controlled by a float operated automatic 
Tainter Gate and two fuse plugs. The spillway terminates in a cascade. 
Several small floods have passed through the spillway without damage. The 
fuse plugs have remained intact. 

No operation has been required at the dam. Some badly cracked rock in 
the right abutment has been grouted after the dam was placed in operation. 

No maintenance has been required and none can be foreseen except painting 


the Tainter Gate and replacing a section of fuse plug if it should be washed 
out, 


Chilhowee 


Completed in August, 1957. Reservoir filled shortly thereafter. 

The foundation of the rockfill section of Chilhowee Dam appeared to be 
quite tight. The seal trench was thoroughly grouted. No leakage has been 
measured or observed since the dam was; placed in operation. 

Settlement of the rockfill section of Chilhowee Dam has been 0.16 feet 
vertical and 0.12 feet horizontal. There has been no differential settlement. 

All the flood waters are passed through the concrete spillway section of 
the dam and do not affect the rockfill section. 

The rockfill section requires no operation. 

The rockfill section has not required any repairs and no maintenance. No 
repairs or maintenance can be foreseen in the future. 


CONCLUSIONS 


All of the rockfill dams leak but only a very small amount. The leakage 
does no harm to the structure and its economic value is negligible. It is be- 
lieved that none of the measured leakage passes through the earth core of any 
of the dams. 

All rockfill dams settle. Settlement of Alcoa’s rockfill dams has been less 
than allowed for in the design. The rate of settlement decreases with time 
so that the settlement will shortly become too small to measure. (Fig. 15) 

While the service life of these dams has been short, the spillways have 
handled all the floods without damage. The spillways are believed to be ample 
to pass any flood which can reasonably be expected to occur without damage 
to themselves or to the dam. The use of one or more cascades to return the 
water from the spillway channel to the stream bed is very effective in limiting 
the amount of material moved by the flood water. 

The dams themselves have required no operation procedures except the 
handling of trash through the sluice gates. The dams have required no re- 
pairs or maintenance nor can any be foreseen in the future except the mainte- 
nance required by the sluice gates and the replacements of a fuse plug if it 
should be washed out. 

One other important factor of performance may well be mentioned. The 
cost of Alcoa’s rockfill dams has been much less than that of any other type 
of structure for these sites. The resulting low annual cost has been very 
satisfactory. 

The sloping core rockfill dams so far designed and constructed by Alcoa 
have performed to the entire satisfaction of their owners and operators. 
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The Power Engineering Division of the Aluminum Company of America, 
with the cooperation of Mr. B. J. Fletcher, Vice President, General Manager 
of Engineering has furnished the information contained herein. 


Figure 1 
Figure 2 
Figure 3 
Figure 4 
Figure 5 
Figure 6 
Figure 7 
Figure 8 
Figure 9 
Figure 10 
Figure 11 
Figure 12 
Figure 13 
Figure 14 
Figure 15 
Figure 16 


List of Illustrations 


Nantahala Dam - Reservoir Filled 
Nantahala Dam - Cross Section 

Queens Creek Dam - Reservoir Filled 
Queens Creek Dam - Cross Section 

Cedar Cliff Dam - General View 

Cedar Cliff Dam - Cross Section 

Bear Creek Dam - Downstream Face 

Bear Creek Dam - Cross Section 

Wolf Creek Dam - Reservoir Partially Filled 
Wolf Creek Dam - Cross Section 

East Fork Dam - Reservoir Partially Filled 
East Fork Dam - Cross Section 

Chilhowee Dam - General View 

Chilhowee Dam - Cross Section 

Rock-Fill Dams - Settlement Curves 
Chilhowee Dam - Placing Filter Material 
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ROCKFILL DAMS: PERFORMANCE OF MUD MOUNTAIN DAM 


Allen S. Cary,! A.M. ASCE 
(Proc. Paper 1745) 


FOREWARD 


This paper is one of a group from the ASCE Symposium on Rockfill Dams, 
June 1958, at Portland, Oregon. 

For purposes of this Symposium, a rockfill dam is considered to be one 
that relies on dumped rock as a major structural element. Included are rock- 
fill dams of the types with impervious face membranes, sloping earth cores, 
thin central cores, and thick central cores. 

The objective of the Symposium is to assemble experience data on the 
higher rockfill dams of all types along with discussion by engineers engaged 
on rockfill dam projects. It is hoped that this Symposium will contribute 
toward improved, more economic and higher rockfill dams of all types. 


SYNOPSIS 


Mud Mountain Dam, White River, Washington, an earth and rock fill 
structure 400 feet high, has settled in the core zone almost exactly as predict- 
ed during design studies which were based on large scale consolidation tests. 
Differential settlement between core and shell zones caused cracking at the 
crest parallel to the axis of the dam with rock shells settling about 18 inches 
more than the core. 


INTRODUCTION 


Mud Mountain Dam is a flood control dam constructed 1939 to 1941 by the 
Seattle District Corps of Engineers on the White River, Washington near 


Note: Discussion open until January 1, 1959. Separate discussions should be submitted 
for the individual papers in this symposium. To extend the closing date one month, 
a written request must be filed with the Executive Secretary, ASCE. Paper 1745 is 
part of the copyrighted Journal of the Power Division, Proceedings of the American 
Society of Civil Engineers, Vol. 84, No. PO 4, August, 1958. 


1. Chf. Foundation and Materials Branch, U.S. Army Engr. District, Seattle, 
Seattle, Wash. 
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Enumclaw, 50 miles southeast of Seattle. White River drains the glaciers on 
the northeast and north sides of Mount Rainier. It is a swift mountain stream od 
falling 400 feet in the seven mile length of reservoir above the dam. 
Site 
The dam site is a narrow rock canyon with the right side at the axis rising 2 
vertically from elevation 870 to 1090 and the left side sloping about 1/3 on 1 o 
from 870 to 1150. Above the top of rock at elevation 1130, extremely compact i 
glacial till occurred which sloped at about 1 1/2 on 1 to elevation about 1300. : 
The till continues to elevation about 1250 and is overlain by glacial lake silt a 
and clay through which the spillway channel was excavated on the right bank. mn 
Structure 
Mud Mountain Dam is a rock fill structure 400 feet high with a central a 
rolled earth core. Slopes are symmetrical up and downstream about the Bs 
central axis, the top 150 feet of the dam having 1 on 1-3/4 slopes and the vf 
lower 250 feet having 1 on 2-1/4 slopes. The central core is 30 feet thick eg 
at the top and 150 feet thick at the base. Transition zones on either side of oe 
the core are each 10 feet thick at the top and 50 feet thick at the base. i 
Materials 
Materials used in the dam were: © 
a. Rock fill, an andesite tuffaceous to very hard. Pe 
b. Transition, crushed fine grained granite. = 
c. Core, pit-run sand and gravel with an admixture of 20 percent silty 4 
glacial till-like material to reduce permeability. All cobbles over 6 inches i 
were removed from the core material. LNs 
Construction 
During construction of the dam all riverbed materials were removed to os 
the surface of bedrock under the entire dam, a distance of about 1600 feet _ 
along the stream bed. Canyon walls were sloped to insure wedging action as 8 
the fill settled and to eliminate overhangs in the rock. The core zone was - 
constructed in 6-inch compacted layers and the transition zones in 12-inch & 
layers. Rock fill was dumped in 40-foot lifts and sluiced with 1-1/2 cubic fhe 
yards of water per cubic yard of rock. a 
Settlement Gages 
In order to measure the settlement of the dam, gages were installed . 
along the axis of the dam in the core as construction proceeded at 100,200 ig 
and 300 feet above the bedrock surface. Monuments were also installed ae 
along the crest of the dam as well as at 50-foot intervals on the upstream | a 
and downstream slopes of the rock shell zones. & 


ROCKFILL DAMS 


Settlement 


Settlement computations based on large scale consolidation tests indicated 
that the maximum settlement of the core section following completion of the 
dam would be 2.9 feet. The crest was overbuilt a maximum of 4 feet or 1 
percent of the height of fill along the axis. Settlement measurements from 
the date of completion of the dam in 1941 continuing until 1950 indicated a 
total maximum settlement of 2.7 feet at the crest of the dam over the deepest 
canyon section, 400 feet. Thus it can be seen that actual settlement was very 
close to the theoretical in 1950. No further measurements have been taken. 
The monuments which were placed at 50-foot intervals on the rock fill slopes 
were checked for horizontal movement until 1950. Horizontal movement 
varied from zero to a maximum of 0.90 foot. No advance predictions had been 
made on this movement. 


Cracks Along Top of the Dam Between Core and Shell 


In August 1942 cracks appeared on the crest of the dam along the junction 
between the core and the upstream and downstream transition zones parallel 
to the axis. Test pits revealed that the cracks were completely indiscernible 
at 6 feet depth. The cracks were excavated and backfilled but continued 
movement through 1948 reopened the cracks to a maximum of about 4 inches 
wide. The shell zones had settled a total of about 18 inches below the core 
zones. The differential settlement between core and rock shell zones was 
not considered serious and since 1948 there has been no measurable 
differential movement. 


Discussion and Conclusion 


The maximum pool level which has been reached in flood control operation 
has been 1117 feet — 98 feet below spillway crest of 1215 feet. No study of 
the effect of full pool on behavior of the dam has been made and none seems 
warranted in view of the close parallel between predicted and actual settle- 
ment. It is probably that the settlement of the rock shells could have been 
reduced if more sluicing water had been used and also if the rock had all been 
very hard such as basalt instead of some tuffaceous andesite. 
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ROCKFILL DAMS: WISHON AND COURTRIGHT CONCRETE FACE DAMS 


J. Barry Cooke,! M. ASCE 
(Proc. Paper 1746) 


FOREWORD 


This paper is one of a group from the ASCE Symposium on Rockfill Dams, 
June, 1958, at Portland, Oregon. 

For purposes of this Symposium, a rockfill dam is considered to be one 
that relies on dumped rock as a major structural element. Included are rock- 
fill dams of the types with impervious face membranes, sloping earth cores, 
thin central cores, and thick central cores. 

The objective of the Symposium is to assemble experience data on the high- 
er rockfill dams of all types along with discussion by engineers engaged on 
rockfill dam projects. It is hoped that this Symposium will contribute toward 
improved, more economic and higher rockfill dams of all types. 


SYNOPSIS 


Design considerations and construction of the two approximately 300-foot 
high dams are discussed. All changes in design and construction from previ- 
ous P, G. and E. dams have been made to lower the cost without affecting the 
safety of the dams. Wishon was filled in May 1958 and initial crest settlement 
data is presented. 


INTRODUCTION 


Wishon and Courtright dams are located on the North Fork watershed of 
the Kings River about 60 miles from Fresno, California, Together they will 
Note: Discussion open until January 1, 1959. Separate discussions should be submitted 

for the individual papers in this symposium. To extend the closing date one month, 

a written request must be filed with the Executive Secretary, ASCE. Paper 1746 is 

part of the copyrighted Journal of the Power Division, Proceedings of the American 

Society of Civil Engineers, Vol. 84, No. PO 4, August, 1958. 


1. Senior Engr., Pacific Gas and Electric Co., San Francisco, Calif. 
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store 251,300 acre feet of water which will fall through 5645 feet of head in 
Pacific Gas and Electric Company’s Haas, Balch and Kings River hydro- 
electric plants. (2,8) Physical data in comparison with the Company’s Salt 
Springs and Lower Bear River dams is presented in Table I, and discussion 
of the two earlier dams is presented in reference (10). 

Wishon Dam was completed on May 10, 1958, and the reservoir completely 
filled on May 27, 1958. Courtright will be completed in 1958. The two dams 
were designed concurrently and are therefore similar. Wishon will be re- 


viewed in detail and Courtright will be discussed only as it differs from 
Wishon. 


Wishon Design 


The selection of the concrete face rockfill type of dam was made on the 
basis of its being the lowest cost dam considering the site, availability of ma- 
terials, and reservoir operating conditions. The site is exposed glaciated 
granite with essentially no overburden or decomposed granite, Fig. 7. Explo- 
ration for core materials, for core rockfill types of dam, failed to locate 
satisfactory materials in meadows or in zones of decomposed granite ina 
radius of about 20 miles. Reservoir operation will normally unwater the top 
two-thirds of the face each year and all may be unwatered, if necessary, with- 
out impairing operation. 

The cost of a concrete gravity dam was estimated at twice that of a 
concrete face rockfill. A thin central core rockfill and a sloping core rock- 
fill were estimated to cost about the same as a concrete face rockfill. A de- 
cision between types of rockfill based on reasons other than economic was not 
required since core material was not available. 

Having selected the concrete face rockfill type of dam, the experience 
record of Salt Springs, and of the Lower Bear River dams, was thoroughly re- 
viewed. The review covered construction as well as design and performance, 
with the objective of specifying a dam that could be constructed by modern 
methods and in a straightforward manner. All changes from Lower Bear 
River design were made to obtain a more economical design and to simplify 
construction. The changes do not alter the safety of the dam; they should not 
adversely affect the performance; and they substantially lowered the cost. 
The main changes in order of the amount of saving are: 


(1) Thinner placed rock. 

(2) Steeper upstream face. 

(3) Less rigid placed rock specification. 

(4) Use of face lifts for placed rock and face flab construction access. 
(5) Elimination of keyways in the placed rock. 


(6) Permit placed rock points to project to the plane of the reinforcing 
steel. 


(7) Simplified joints. 
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Diversion Tunnel.—The size and alignment of diversion tunnel was given 
to the bidders. In the first runoff season, the partially completed dam, with 
broad crest width and no concrete face, was to serve as cofferdam. In the 
second runoff season, the permanent outlet works was to be installed in order 
to act as a spillway, to permit storage of water with the partially completed 
dam. The design capacities were such that several floods of record would 
have caused not more than 2000 cfs to pass through the partially completed 
rockfill. It was considered that such would not endanger this dam of large 
rock, and the economy in size of tunnel and outlet works was obtained. 
Circumstances were such that actually no flows passed through the rockfill. 

Outlet Works.—The capacity was governed by the use of the outlet works as 
a spillway between the second and third construction season in order to obtain 
early storage, as discussed above. An 84-inch Howell-Bunger valve and a 
120-inch butterfly valve are installed in a chamber in the diversion tunnel, as 
illustrated and described in reference (8). The diversion tunnel leading to 
and from the valve chamber is left unlined. 

Spillway.—The spillway, Fig. 1, consists of six 40-foot by 11-foot radial 
gates that discharge into the spillway quarry, an unlined rock channel. The 
channel discharges onto exposed bedrock and the flow reaches the river a 
quarter of a mile downstream from the dam. The design flow is 30,000 cfs 
for the maximum storage and flood level of 6550, and freeboard is provided 
by the 4-foot coping wall, Fig. 5. The concrete face rockfill dam is not con- 
sidered to require as much freeboard as an earth or earth core rockfill dam. 
The tops of five auxiliary concrete dams are only one foot above maximum 
storage level, and the spillway channel (quarry floor) is sloped to take in- 
creased flow without causing backwater effect at the spillway gate structure. 
These two features give excess spillway capacity at no cost. 


Auxiliary Dams 


Five concrete gravity auxiliary dams are required along a glaciated 
granite ridge that forms the right abutment of the main dam. The maximum 
height is 30 feet and total crest length 240 feet. The crest being 1 foot above 
maximum storage level and 3 feet below top of coping wall, the auxiliary dams 
are of minimum cost and provide excess spillway capacity. 


Cross Section and Alignment 


The cross section of the dam, Fig. 1, is similar to Salt Springs, Table 1, 
but with slightly steeper upstream face. At Lower Bear River dams the con- 
struction experience showed that the 1:1 face of Dam No, 2 could be construct- 
ed at essentially the same unit costs as the 1.3:1 face of Dam No. 1. It was 
considered that the use of “face lifts” proposed for Wishon would make the 
1:1 face more easily constructed, and that the reduced quantities would di- 
rectly represent reduced cost. 

Upstream Face.—The upstream face slope, Fig. 1, may be considered to 
be 1:1 in the upper portion and 1,3:1 in the lower portion of the dam. At elev. 
6400, 150 feet from the crest, a transition between the two slopes is made by 
a 40-foot height of slab at 1,1:1 above elev. 6400 and another at 1.2:1 below. 
The 1:1 slope is stable with a minimum thickness of placed rock; can be con- 
structed conveniently; and concrete can be placed rapidly by slip forms. The 
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Year Completed 

Storage 

Crest Elevation 

Height(Above 
Foundation ) 

Crest Length 

Camber (Max. ) 

Surface Area of Face 

Crest Width 


Max. Height (To 

Design Crest) 
Streambed at Axis 
Foundation at Axis 
Streambed 
Foundation 
Cutoff Line 
Cutoff Trench 


Slopes (Horiz. to 
1 Vert.) 
Upstream 
*Downstream 


Placed Rock Thickness 
Top 
Down 100 Ft 
Down 150 Ft 
Down 200 Ft 
Max. (Cutoff Line) 


Quantities (1000 CY) 
Excavation 
Rock-Dumped 

Placed 

Total 

Placed :Dumped 
**Concrete 


49995 353 


4 


FT 


PO 4 


TABLE I 


STATISTICAL OR 
P. G. AND E, CO, ROCKFILL DAMS 


1.4 to 1.1 
1.4 


15 
15 
15 
15 
15 


3h 
2,744 
224 
2,968 
8.1 
45 


* Nat. = Natural = 1.3 Plus 


abutment gravity sections. 


LOWER BEAR RIVER 


NO NO, 
1952 1952 
49,000 
5820 
250 155 
960 865 
3.3 1.1 
190,000 90,000 
20 20 
234 107 
234 150 
250 125 
250 155 
221 137 
238 148 
1.3 1.0 
Nat. to 1.4 Nat. 
10 10 
15 15 
17.5 - 
20 - 
21 16.9 
10 138 
900 349 
89 43 
989 392 
9.9 2.0 
23 


August, 1958 
WISHON COURT= 
MAIN WING RIGHT 
1958 1958 1959 
128,500 123,300 
6500 8188 
296 166 317 
1415 1915 900 
4.0 2.2 
650,000 220,000 
20 20 16 
256 151 295 
260 158 295 
256 160 317 
296 166 317 
250 130 289 
288 152 337 


1.0 1.3 to 1.0 
Nat. Nat.to 1.4 


7.8 7.8 7.8 

7.8 7.8 7.8 
10 - 10 
10 10 

11.6 7.8 11.6 

270 60 

3,530 1,540 

200 

3,730 1,617 

5.7 5.0 

86 38 


Includes cutoff, coping, face slab theoretical and excess thickness, and 


SALT 
SPRINGS 
1931 
142 ,000 
3958 
332 
1300 
6 
380,000 
15 
- 
302 
328 
313 F 
332 
318 x 
348 
Nat.to 1.4 a 
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1.3:1 slope was preferred below a height of 150 feet to transmit the higher 
water pressures more directly to the foundation through a shorter distance in 
the rockfill; to better transmit the horizontal component of water pressure to 
the foundation in the vicinity of the cutoff wall; and to show increased respect 
for the higher dam, Adjacent to the cutoff, the rocks underlying the slab must 
transmit the horizontal component of water pressure to bedrock with mini- 
mum yielding or movement, With the 1.3:1 face slope, this is accomplished 
with a ratio of vertical to horizontal force of 1.3:1, which is more favorable 
than 1:1, The 1.3:1 slope reduces face movements in the heavily loaded lower 
portion of the dam, by transmitting the water load to the foundation through a 
shorter distance in dumped rock. The cost of the flatter slope is not great 
since it occurs in the narrow portion of the site. The full height of the wing 
section of maximum 166-foot height, Fig. 1 and 6, is at 1:1 upstream slope. 
The terms “wing section” and “main section”, Fig. 1, are used to identify the 
two rather independent portions of Wishon Dam. 


‘i Downstream Slope.—The downstream slope is essentially the natural 
% dumped slope. Because the natural slope is irregular and unknown, the first 

‘ lifts are carried out to a toe located by a 1.4:1 slope from a 12-foot wide theo- 
iy retical crest at the storage level of 6550. The upper portion of the slope is 


the natural slope that results from constructing the 20-foot crest width to the 
constructed crest elevation, Fig. 1 and 5. The 20-foot crest width provides 
for two-way traffic and otherwise is wider than considered necessary for the 
concrete face rockfill dam. 

Alignment.—The horizontal alignment of the dam is based largely on de- 
termining minimum quantities and cost. For the concrete face dam, a lo- 
cation giving minimum face area, rather than minimum volume, tends to 
govern. It is noted, Fig. 1, that the cutoff is along the ridge on both 
abutments, which requires more dumped fill, but gives a dam having minimum 
face area and minimum cost. The dam is on a 5000-foot radius curve. The 
face joints of the main and wing sections are normal to two chords that inter- 
sect at Station 15 + 00, Fig. 2. The curvature is somewhat more than re- 
quired for settlement and appearance in order to obtain minimum cost, by 
adapting the long dam to the site contours. The vertical alignment provides a 
crown four feet above design crest at the 296-foot high maximum section. 


Cutoff 


Abutment Gravity Sections.—At each end of the dam a concrete gravity 
section, Fig. 2, is used up to a height of 30 feet, at about which height the 
cost of a gravity section equals that of the concrete face rockfill. The up- 
stream face is 1:1 and, with copper joint, is connected to the first face slab 
of the rockfill dam. The use of this gravity section provides economical and 
straightforward ends for the dam. The coping wall continues, dowelled to bed- 
rock, until it is of zero height. ES 

Concrete Face Cutoff.—The cutoff is shown on Fig. 3 in comparison with 3 
the cutoff of Salt Springs and Lower Bear River dams, It is discouraging to Z 
excavate sound rock and replace it with concrete, and the trend has been to 
reduce the depth of cutoff in sound bedrock. In seamy rock the cutoff is 
carried to greater depths. Even with careful blasting, there is a tendency to 
loosen adjacent rock and the cost of the excavation is very high. The trench 
is upstream from the cutoff line to eliminate uplift. If inferior rock were en- 
countered in local areas it was intended to provide an upstream slab or to 
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FIG.3 COMPARISON OF CUTOFF AND JOINT RIBS - P.GawE. DAMS 
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bed the lower layer of placed rock in concrete to obtain a longer percolation 
path, but this was not required. Across some seamy or gouged zones, the 
cutoff wall became as high as 15 feet and styrofoam was used, Fig. 3,to allow 
the face to yield with the placed rock adjacent to the cutoff wall. 

Grouting.—Grout pipes were arbitrarily placed in the cutoff wall normal to 
the cutoff line and at 25-foot spacing, and additional pipes located so that a 
drill hole will intersect visible seams some 5 to 10 feet below the cutoff 
trench, The arbitrary pattern of grouting is shown on Fig. 2. The deeper 
holes at 100-foot spacing were cored and were water pressure tested before 
grouting. The requirement was for additional holes and regrouting as de- 
termined by the grout take from the primary holes. 


Dumped Rockfill 


Specification. —Selection of quarry sites was left to the contractor, except 
for specific excavation requirements in the spillway area, and with the re- 
striction that no quarry be closer than 200 feet to the cutoff line or outlet 
tunnel if the quarry floor is below the crest of the dam. To assure large size 
rock in the fill, the rock handling equipment was specified to be capable of 
handling 15-ton rocks. Rock was specified to be sound, hard and durable with 
definitions for each term. At least 50% (by weight) of the rock in the dam 
was specified to range from 0.5 to 10 ton and over. 

Lifts. Maximum height of lifts are considered desirable both to the per- 
formance of the dam and to the contractor. The high lifts are associated with 
maximum energy and compaction going into the fill during construction. The 
high lifts require minimum haul road construction and minimum lift surface 
area to be cleaned up. A proposed, acceptable, but not required, lift ar- 
rangement, Fig. 5, was included in the bidding drawings to give the contract- 
ors an idea of one way the dam could be constructed in a straightforward 
manner. Lift 1, Fig. 5, was specified at elev. 6380 to permit early placed 
rock construction and provide a cofferdam by the end of the first construction 
season. The 140-foot minimum top width was to minimize upstream face 
movement in the event of overpour while this lift served as a cofferdam. Lift 
2 was at an elevation that would assure completion across the canyon by the 
time the placed rock was completed to elev. 6380, and thus permit continuous 
work on all components of the dam. Lift 3 is at a required elevation to assure 
partial storage of 80,000 acre feet at the end of the second year. The three 
main lifts are set back from the face to permit ‘construction access” or 
“face” lifts. The top of each lift is shown at minimum construction widths, 
The minimum width, if used, would require minimum lift surface cleanup and 
give maximum compaction to the dam by the high overlapping fill. However, 
the benefits are not essential to the dam and broader widths are permitted if 
they facilitate construction, 

The face lifts are theoretically undesirable because the low lifts do not get 
as much settlement during construction and the placed rock and concrete are 
constructed on the freshly dumped fill of the face lifts. However, since these 
considerations only affect the probability of cracks in the face, and not safety, 
the method is adopted because of the practical and lower cost construction 
that results in the use of face lifts. The face lifts may be constructed rapidly 
since the area of the “parallelogram” section of the lift is small. Since there 
is only a small amount of dumping from the end of the face lift as it progres- 
ses, not many fines accumulate and lift surface cleanup is not a problem. The 
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height and location of face lifts is as governed by the location of concrete 
joints and by the reach of the cranes for placing rock. 
Sluicing.—Sluicing water was specified to be applied at the times and places 
where rock is being dumped in a volume three times as great as the volume 
of rock being dumped. Sluicing is also required, as may be directed, on visi- 
ble surface zones of fines that may develop. A pressure of 100 psi at the 
nozzles of 2 to 3-inch diameter was required, which produced jets of 2.5 to 
5.5 cfs. A pressure gage was required at each monitor. The action of the 
powerful jets in excavating pockets of spalls and distributing the spalls into 
voids of the large rocks is considered as desirable a feature of sluicing as the 
washing of small fines into the rockfill. 


Placed Rock 


The placed rock section at Wishon is somewhat thinner than used on previ- 
ous high rockfill dams of the P. G. and E. Company. It is considered that the 
thickness does not involve stability for the slopes of 1:1 or flatter than 1:1; 
and that, with the quality of the well sluiced dumped fill, the thickness should 
have little effect upon the probability of cracks in the face. The 11-foot hori- 
zontal thickness (7.8-foot normal thickness) in the upper portion of the dam, 
Fig. 1, was adopted as a practicable construction minimum to catch the 
dumped rocks with the steeper than natural upstream surface slope. However, 
in the lower portion of the dam, the placed rock was increased to about 11-foot 
normal thickness, in spite of the flatter face slopes. This is still considerably 
thinner than at Salt Springs and Lower Bear River, but is thicker than the 
7.8-foot minimum adopted for the upper portion of the dam out of respect for 
the high water pressures in the lower portion of a 300-foot dam, Table I. 

Since only a small per cent of the surface area of the dam is in the lower 
portion of the dam, the increased thicknesses at the bottom of Wishon require 
only 9.5% more placed rock than if all the placed rock were of 11-foot hori- 
zontal thickness. It was decided not to depart too much from previous 
practice at this time. Since the thickness and specification for placed rock is 
considered to involve economics and practical construction, and not safety, 
the construction and performance experience at Wishon may lead to further 
economies in the future. 

Specification.—The drawings, Fig. 1 and 6, specify horizontal thicknesses, 
since horizontal thicknesses can best be used to lay out and inspect the con- 
struction. For the wing section, Fig. 6, the 11-foot thickness is used for the 
full height of dam, The rock was specified to be selected rock, 1 to 10 ton or 
more in weight, with average weight of not less than 3 tons. Rocks were re- 
quired to touch each other in up and downstream direction and be as close as 
possible laterally, with nearest points of adjacent rock not greater than 6 inch- 
es apart. Accessible voids between up and downstream rocks were required 
to be chinked with large rock, and lateral voids to be filled with rocks that 
would pass a 2-inch grizzly. Rock points or edges were permitted to project 
to the plane of the reinforcing steel to minimize the amount of excess concrete 
beyond the theoretical thickness. 

In previous specifications for placed rock, the requirement of lateral as 
well as up and downstream contact of the placed rocks greatly slowed down 
production. In writing the Wishon Specifications, it was considered that the 
possible benefits were not worth the cost, and lateral contact was not 
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FIG.6 PROPOSED CONSTRUCTION- WING SECTION- WISHON DAM 


Fig. 7. Kings River Project Wishon Dam. Dumping rock near the center of 
the dam. The construction involves hauling 3,687,000 cubic yards of 
dumped and placed rock in 17 cubic yard trucks. The double 
monitor is operated by one man. 
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required. This change involved definite capital cost versus “possible” mainte- 
nance cost, and not safety. Vertical contacts are important and occur auto- 
matically. Up and downstream contacts transmit the high water pressure into 
the fill with minimum possibility of local movements. 


Concrete Face 


The concrete face, at elevation 6550 in the Sierras, will be subject to freez- 
ing conditions. The strength is specified on the basis of obtaining a dense 
frost action resistant concrete and not to resist computed stresses. Concrete 
was specified to have: 3000 psi 28-day compressive strength; 2-1/2 inch 
maximum size aggregate; 5-1/2 to 6% air entrainment by volume; and contain 
a water reducing agent. Cold weather pouring requirements were: not less 
than 40° F placing temperature in moderate weather; and not less than 50° F 
temperature for 72 hours after placing in freezing weather. 

Thickness and Reinforcing. —The thickness of concrete and the reinforcing, 
Fig. 1, are the same as at Salt Springs and Lower Bear River. It is arbitrary 
and has been satisfactory at those dams. One economy in thickness, made at 
Wishon, was to permit placed rock points and edges to project into the theo- 
retical thickness of slab to the plane of the reinforcing steel. This reduces 
the amount of concrete beyond the theoretical thickness that is required to fill 
the surface irregularities of the placed rock. 

Joint Arrangement.—The joint arrangement, Fig. 2, is simplified over that 
used at Lower Bear River to improve performance and at the same time use 
a minimum total length of joints. The 60-foot vertical joint spacing is used 
as a practicable spacing for use of a slip form and to give reasonable 
alignment and flexibility at the cutoff. The wing section, of 166-foot maximum 
height has only one horizontal joint that divides the face into two pours. In 
the main section the top two slabs are of 77.8-foot lengths, selected as practi- 
cal lengths for maximum single pours. The slabs below elevation 6400 are 
31.2 feet long because in the lower half of the face the settlement contours are 
closer together; there is a greater tendency to develop vertical stresses in 
the face; joint movements are high; and the slabs are thicker and more rigid. 
The joint that is parallel to, and 15 feet from, the cutoff joint is called a slop- 
ing joint. It forms a “hinge slab”. The sloping joint is used only where the 
dam exceeds a 150-foot height since above that point the abutment slopes are 
gradual at the Wishon site and the movements should be small. In the lower 
portion, additional vertical joints are used at abrupt changes in cutoff 
alignment, In general, the lower portion of the dam is given more careful 
joint treatment since cracks can produce more leakage under the high head 
and the lower face area will seldom be unwatered. 

Joint Ribs.—The term “joint rib” refers to the concrete poured in a strip 
along face slab joint lines in advance of pouring the face slab. The design 
adopted for Wishon requires no keyway in the rock and is shown in comparison 
with Salt Springs and Lower Bear River Dams on Fig. 3. At Wishon there are 


20,000 feet of joint, excluding the cutoff joint, and the adopted Wishon design e i‘ 
was estimated to cost some $500,000 less than the rib designs previously used Be i 
on this type of dam, The design was adopted to lower the cost, to speed up a S 
the placing of rock, and to improve the functioning of the joints. Keyways es 
have slowed up the placed rock work on previous dams and, due to the irregu- bs, « 


lar sized rock, have required excessive concrete. 
The joint rib is essentially a smooth surface of concrete painted with 
asphalt and located under the joint. It is useful both in construction of the 
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dam and in the performance of the joint. The rib gives a surface on which the 
joint can be conveniently, practically, and well constructed, and on which the 
forms may be supported. The trim contact of joint rib concrete and the form 
insures a good concrete job beneath the copper seal. Though there are con- 
struction benefits from the rib the primary reason for the rib is its function 

in performance of the joints. The rib makes the opening and closing of a 

joint possible without damage to the edges of the slabs by separating the edges 
of the slab from the placed rock. It automatically provides a secondary water- 
stop in the vicinity of the joint, but this is not a reason for the joint rib. 

Fig. 4 illustrates the functioning of a joint. In the opening of a joint, the 
placed rock must separate under or adjacent to the joint rib. It can occur any- 
where under the rib since the slab can slide on the smooth asphalt surface of 
the rib. It will probably occur as an irregular separation and the rib concrete 
would probably crack over the underlying separations in the placed rock. In 
the closing of a joint, some crushing must occur in the rib or in the immedi- 
ately adjacent placed rock. Some of the crushed material must find a void in 
the placed rock, compress pieces of the wood form that are left in place, or 
compress the styrofoam. The rib is of 1500 psi concrete so that it will crush 
more readily than the face slab. Below the rib some rock points must crush. 
If the contact is particularly good between rocks immediately under the joint, 
some sliding of rocks and crushing of points away from the joint can ac- 
commodate the movement. 

It is apparent that a substantial force is necessary to close a joint, but ex- 
perience shows that the joint does close before the slab crushes. That the 
joints resist closing is probably very desirable since it limits movements. 

At Lower Bear River Dam No, 2 there has been zero joint opening or closing, 
which indicates that settlement and temperature forces on the face of this 
small dam have not been great enough to cause movement.(10) On the higher 
No. 1 dam, nearly all joints have moved. 

Joint Details.—There are three types of joints; sloping and cutoff, hori- 
zontal, and vertical. Sloping joints are those parallel to and 15 feet from the 
cutoff joint, and vertical joints are those that go up the face in a vertical plane 
perpendicular to the axis. Fig. 2 shows the details of the joints and Fig. 5 
shows the setting of the horizontal and vertical joints on the joint ribs. The 
copper is joined by one-half inch laps that are brazed by a thin flowing, low 
temperature welding alloy rod, flux being applied on the inner surfaces of the 
lap. This “sweated” joint is more rapidly made and more easily made water- 
tight than a high temperature brazed job. 

The cutoff and sloping joints are cold joints with no ability to close. Near 
the cutoff line there is so little rock just below the slab that it cannot move 
very much, It is considered that these joints should relieve moments in the 
slab but otherwise resist movement of the slabs and support the upper slabs. 
The redwood is used inhorizontal joints as a material that will resist the clos- 
ing of the joint and not extrude. At Lower Bear River(10) all joints except the 
upper one closed moderately. It is probable that the redwood is not necessary 
in the elev. 6495 joint, but it is nominal in cost and all horizontal joints were 
made the same. The use of the Z waterstop in the horizontal joints is an 
economy over the use of a U waterstop as on previous dams. 

The vertica: joint is designed to open or close and to permit the slabs to 
move parallel to the joint with respect to each other. The deep 4-inch U per- 
mits larger opening than will occur and permits the copper to wrinkle rather 
than tear due to differential movements parallel to the joint. The styrofoam 
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beneath the copper permits complete closing since it compresses to essential - 
ly zero volume. The asphalt above the copper can extrude to the surface. 
Above elev. 6400 the vertical joints of the 8 central vertical joints of the main 
section were constructed 2 inch open and all other vertical joints one inch 
open. It is probable that a more simplified vertical joint would be suitable for 
the wing section based on the performance of the Lower Bear River No. 2 
dam(10) but because of the substantial changes in placed rock, the vertical 
joint detail was not simplified for the wing section at Wishon, 


Wishon Construction 


The Wishon dam, located at elevation 6550, is snowed in during the winter. 
A seven month normal construction season may be lengthened to about nine 
months by fighting snow at both ends of the construction season. In August of 
1955 the job was awarded to a joint venture, Morrison-Walsh-Perini, 
sponsored by Morrison-Knudsen Company. In the remaining several months 
of the 1955 season, construction started on roads, clearing, opening of quarry 
and driving of diversion tunnel. Construction in 1956 was primarily stream- 
bed excavation, dumping of rock and cut off excavation. The major con- 
struction year was 1957, at the end of which Morrison-Knudsen was ahead of 
schedule, and the remaining work consisted of 40 of the top concrete slabs. 

It was arranged to complete the dam in winter weather of April-May of 1958 
in order to completely fill the 128,000 acre foot reservoir with the 1958 snow- 
melt runoff. Construction took 21 construction months for the dam of 3350 
foot crest, 290 foot maximum height and 3,700,000 cubic yards of rock. 

The construction of both Wishon and Courtright is well discussed and illus- 
trated, particularly in regard to methods and equipment, in the construction 
magazine references (1) (3-7) (9). In this paper construction will be reviewed 
and illustrated to supplement the more detailed coverage of the references. 

Fig. 7 shows the massive granite formation at the site and an interesting 
stage of construction, The photo is taken from the end of the wing section 
dumped fill, some of which is in the left foreground. Dumping is proceeding 
at the 6450 lift, which was carried to the full width of dam rather than partial 
width as shown on Fig. 5. Placed rock work is proceeding from the face lifts, 
which were used essentially as proposed on Fig. 5. In the right foreground a 
portion of the face lift has been scarified to receive the next lift of dumped 
rock, The pile of fines was formed by monitor and bulldozer in the scarifying 
operation, and was later removed. From the main lifts the scarified fines 
are cast over the downstream face. Scarifying is by a bulldozer carrying a 
monitor that operates at 200 psi. This high pressure is possible by operating 
at off-shift times when other monitors are shut down. Large rocks may be 
seen high up on the dumped slopes, which is desirable. It takes well inter- 
locked surface rocks to stop the large rock from sliding further down the 
slope. 

Fig. 8 shows sluicing from cantilevered monitors, and also typical dumped 
fill. The monitors are located such that they can excavate surface zones of 
fines as dumping proceeds. Large rocks sliding down the slope cause thin 
surface slides or movement of rocks, but such surface movements do not en- 
danger the truck rear wheels which are at the edge of the fill. The sluicing 
operation requires continual effort by inspectors and monitor operators to get 
the maximum benefit out of sluicing. Inspection of the rockfill shows that the 
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rocks come to rest generally in secure-wedged contacts rather than point 
contacts. The sliding or rolling of the heaviest rocks appears to give materi- 
al compaction effort to the fill. 

Fig. 9 shows the surface placed rock joint ribs and some completed slabs. 
The placed rocks range in weight from 6 to 15 tons and in maximum di- 
mension, 6 to 12 feet. The surface of the placed rock is quite irregular since 
the cost of excess concrete in the irregularities is less than the cost of ob- 
taining a smoother face surface with irregular sized and shaped rocks. The 
small rocks are to fill the surface voids to prevent loss of concrete or 
concrete mortar in the placed rock. The joint ribs are screeded on the 
surface, not formed. Concrete may run out under the forms, the only re- 
quirement being a surface of 4 foot width for vertical joints and 3 foot for 
horizontal joints, Fig. 3. The form seen at the edge of the completed slab is 
reusable and is heavily constructed to carry the wheels of the slip form. 

Figs. 10 and 11 show the progress during the 9 months of construction in 
1957. These isometric drawings have been redrawn from construction plan- 
ning and progress drawings made by Morrison-Walsh-Perini. It is seen that 
construction of the three major elements of the dam, dumped rock, placed 
rock and concrete face, all proceed simultaneously and continuously. The 
first isometric shows the work accomplished in six months of 1956, which in- 
cluded primarily the streambed excavation, cutoff excavation, and the dumped 
rock as shown. 

In November of 1957 a small crew was maintained during the cold weather 
to complete all the dumped and placed rock. The required scheduled com- 
pletion was only to elevation 6495. Figs. 12 and 13 show two general views of 
construction stages. 

Fig. 14 shows the dam nearing completion in April, 1958. In the middle of 
March, 1958 an Agreement was signed guaranteeing completion of the dam by 
June 1, 1958, just in time to catch the snow melt runoff. The dam was snowed 
in, and as snow was removed and work began a series of storms in late March 
and early April impaired progress. In spite of the discouraging start the dam 
was finished on May 9, three weeks ahead of the accelerated schedule. The 
slip form was designed by Morrison-Knudsen Company. It was operated by 
electric winches on the form and pulled to blocks anchored to large rocks 
near the top of the pour. 

Foundation Excavation.—The streambed material was sand and gravel with 
cobbles of 4 to 6 inch size, but there were very few boulders. It was decided 
to remove them because of their small size and they were removed by drag- 
line working under water. Excavation stopped when the dragline began hitting 
high spots of bedrock. The holes were not unwatered or completely cleaned 
out, The estimate, based on several drill holes at and upstream from the 
axis, was 75,000 cu. yds., but 170,000 cu. yds. were removed and most down- 
stream from the axis. Had this been known more consideration would have 
been given to leaving most of the material downstream from the axis in place 
with the use of filters. 

Cutoff.—It is considered desirable to make the cutoff line straight between 
vertical joints in order that the slab may be considered to “hinge” at the cut- 
off joint. High points of the irregular shaped abutment rock were removed 
down to the cutoff line, and then the 3 foot wide trench was carefully excavat- 
ed. The cutoff requires drill holes at about 1 foot centers in both directions, 
light blasting, and hand mucking. The grouting was carried out to the arbi- 
trary pattern, Fig. 2, with additional holes where seams or jointing planes 
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were observed. Due to the deeply jointed rock at-Wishon many additional 
holes were necessary, and 26 of 300 grout holes took 100 to 700 sacks of 
cement, 

Dumped Rockfill.—The spillway quarry and a main quarry near the right 
abutment, Fig. 7, furnished the rock for the dam. References (3), (6), (7) and 
(9) give a thorough description of quarrying, hauling and sluicing the rockfill. 
The powder factor was high, 1.0 lb. per cu. yd., due to deep fissures in the 
rock. Payment was made at a specified 50 cents a solid cubic yard for all 
material removed from the quarry site, including overburden. A bid price 
was paid for the yardage in the pay lines of the dam. The bid price included 
haul roads, hauling, sluicing, scarifying of lift surfaces and the additional cost 
of quarrying over the fixed payment. The fixed price is intentionally less than 
quarry cost. It gives both owner and contractor an interest in having mini- 
mum waste and reduces risk to the contractor if overburden or waste is ex- 
cessive. Upon completion of the dam, it was computed that the dumped rock- 
fill contains 32% voids. The rockfill at Courtright at the end of 1957 also was 
computed to contain 32% voids. 

Placed Rock.~—The placed rock production rate was greater than on previ- 
ous dams of this type, averaging 135 and peaking at about 200 cu. yds. per 9- 
hour, 7-man crane shift. The reasons are: (a) simplified requirements of 
the specification; (b) the convenient work access for the operation of cranes 
and supplying of rock that is provided by the face lifts; (c) the use of very 
large, 6 to 15 ton, rocks; and (d) the well planned supply system and general 
organization of the contractor, Morrison-Knudsen Company. The large placed 
rocks were handled by a Lewis pin in a drilled hole or by two or sometimes 
three Sullivan pins in holes drilled at angles. (6,7) 

Concrete.—The 3000 psi concrete mix contained aggregate in 4 sizes: #4 
to 3/8, 3/8 to 3/4, 3/4 to 1-1/2 and 1-1/2 to 2-1/2. The four rather than 
normal 3 sizes were used because of the friable nature of the aggregate and 
the importance of dense grading for maximum frost resistance. It was re- 
screened at the batching plant. The mix contained Permanente Type II 
cement, 15% Airox pozzolith, Possolith 3 (water reducing agent), and Dresi- 
nate XX (AEA) air entraining agent. A cement-pozzolan factor of 4.85 and 
slumps of 1 to 2 inches were used. Compressive strengths at 28 days were 
generally 3300 to 4000 psi with few cylinders below 3000. At 90 days tests ex- 
ceeded 5000 psi. Concrete was mixed in a 1.5 cu. yd. paver on the dam and 
placed by crane and bucket from a face lift. Concrete slabs were poured very 
soon after the placed rock was placed, which is not theoretically ideal since 
the slabs must then take subsequent construction settlement. However, this 
scheduling makes convenient and minimum-cost construction possible, and 
the construction settlement is nominal and does not damage the slabs. Cold 
weather concrete was mixed with 120° to 150° water and the minimum 
temperature specifications were met with minimum air temperatures as low 
as zero Fahrenheit. (11) 

Settlement of Concrete Face During Construction.—The early construction 
of face slabs subjects the slabs to settlement during construction. The lower 
construction cost with this practical scheduling is considered considerably 
more important than the reduction of slab settlement by delaying the pouring 
of face slabs. The dumping of the higher lifts causes settlement of the upper 
slabs that have been poured. However, the weight of the new dumped fill of 
the upper lifts does not have much effect on the fill underlying the slabs below 
the upper slab. The slabs further up in the dam and away from the more rigid 
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abutment slabs are subjected to the most construction settlement. In the 
several months after a slab is poured, the top settles downward more than the 
bottom. In fact, the bottom sometimes moves upward. This tends to cause 
compressive stresses in a line up the face and a closing of the soft horizontal 
joints. In general, settlement during construction was nominal and no cracks 
occurred in the concrete face. Some of the measurements that substantiate 
the above general comments will be summarized briefly and separately for the 
wing and main sections of the dam. Reference to Fig. 11 is helpful to see the 
stage of construction, and the location of settlement points on the dam are 
shown on the November 1 isometric of Fig. 11. Main Section construction 
settlement is shown on Fig. 15. The settlement of the face slabs during con- 
struction at Wishon is greater than that at Lower Bear River No. 1(10) due to 
the difference in scheduling and difference in face slopes. 

Wing Section.—The wing section is 1500 feet long and generally of 100 to 
150 foot height. Settlement points are on the corners of each slab, except for 
those located 15 feet from the cutoff line. The points 15 feet from the cutoff 
line (S points) and on the 6495 line (B points), about the center of the face, 
were set on September 1, 1957. Two months later, October 30, readings were 
taken again. Fifteen feet of fill and placed rock, and some concrete slabs, 
had been added, Fig. 11. The points 15 feet from the cutoff line moved down- 
ward vertically from zero to 0.04 feet. The B points moved “upward” from 
0.00 to 0.06 feet and “upstream” 0.00 to 0.02 feet. Upward movement does 
actually occur. A possible explanation is that as the top fill is added, there is 
an upstream as well as downward movement of the rock underlying the up- 
stream face, and since the face can’t move upstream and downward without 
high compressive stresses, it resists and moves slightly upstream and up- 
ward. On May 13 of 1958, 6.5 months later and just before filling the reser- 
voir, the S-points from Station 6 + 00 to 9 + 00 had moved downward 0.04 to 
0.05 feet. During the same 6.5 months the B-points settled downward some 
0.02 to 0.06 feet. All the movements during construction were very small and 
caused no cracks. 

Main Section.—Some data on settlement of the concrete face of the main 
section during construction is presented in Fig. 15. During the two months of 
September and October 1957, Fig. 11, a 50 to 80-foot height of rockfill was 
added to the dam after the slabs between the C and D-lines had been poured. 
At the sections of maximum settlement, Station 21 + 60, the C point settled 
0.68 feet while the D point settled 0.13 feet, Fig. 15. All settlement along the 
C line was downward during this two months whereas the ends of the D line 
moved “upward”. The same characteristics may be observed for the B and C 
lines between the readings of October 30, 1957 and May 13, 1958. 


Wishon Crest Settlement 


Wishon dam was filled rapidly between May 9 and May 27. Four readings, 
three increments, of vertical crest settlement are plotted on a profile of the 
dam along the axis, Fig. 15. There is missing data at both ends of the dam 
because of limited time available to make a complete check of the survey 
data, at the time of completing this paper. 

December 13, 1957 to April 21, 1958, Fig. 15.—All rockfill had been com- 
pleted by December 13, 1957, Fig. 11, and the dam was being snowed in. Only 
a few top slabs had been poured so temporary crest settlement points were 
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set on the crest to record movement due to aging of the dam during the winter. 
On April 21, 1958, 4.2 months later and just before construction of the re- 
maining 40 top slabs, the crest had been cleared of snow and measurements 
were taken. During the 4.2 months the water level was at 6380, which gave a 
100 foot depth of water on the maximum section. This partial filling was to 
keep the intake grizzly free from ice and it should have had little effect on the 
crest settlement. For the 4.2 months, maximum vertical settlement on the 
wing section was 0.10 feet (158 ft. ht. at axis) and on the main section 0.32 
feet (260 ft. ht. at axis). 

May 13, 1958 to May 26, 1958, Fig. 15.—During these 13 days the reservoir 
filled to 9 feet from the crest, from water surface 6427 to 6541. Crest settle- 
ment between the above dates was 0.62 feet at the maximum section. 

May 26, 1958 to June 6, 1958, Fig. 15.—The top 9 feet of the reservoir 
filled during the 24 hours after the May 26, 1958 measurements. The settle- 
ment measured for this interval represents that due to the application of the 
last 9 feet of head and the first ten days of full reservoir pressure, and at 
maximum section was an additional 0.69 feet. 

Settlement Due to First Complete Filling.—The vertical crest settlement 
of the maximum section, due to the first complete filling plus 10 days of full 
reservoir, is 1.31 feet or 0.5% of the 260-foot height at axis. 

The main section was constructed from right to left abutment, which gives 
maximum settlement, during dumping, to the fill on the right abutment. The 
crest measurements indicate this to be true. The 170-foot high Station 18 + 60 
settled more than the 210-foot high Station 25 + 20. The construction settle- 
ment readings of the B and C-lines also show the same characteristic, Fig. 15. 

There is a cliff in the foundation of the dam near Station 20 + 40, Fig. 15 
and 1. The effect of the cliff on settlement is reflected in the C-line readings, 
but not on the readings for the higher A and B-lines. The abrupt foundation 
contours do not appear to cause abrupt changes in the higher portion of the 
face, which is favorable. The vertical settlement along the crest is a con- 
siderably smoother curve than the foundation profile under the crest. 

Opening and Closing of Joints at Crest.—Measurements across the joints 
on the crest have been made every day (to 0.001 feet readings) since beginning 
of filling, to detect any sudden movement if it were to occur and to determine 
when the joints move. No joint on the wing section, to Station 14 + 40, changed 
as much as 0.005 feet. On the main section crest joint openings of greater 
than 0.01 feet were: Station 14 + 90, 0.03 feet; 15 + 10, 0.03; 0.015; 17 + 40, 
0.025; 18 + 60, 0.015; 29 + 40, 0.04; and 30 + 00, 0.045. Between Station 
20 + 40 and 25 + 80, all joints closed slightly from 0.005 to 0.02 feet. These 
joints were constructed 2 inch open to allow for closing, VERTICAL JOINT 
DETAIL of Fig. 2. Joints 26 + 40 to 28 + 80 did not change. The joint open- 
ings took place between May 20 and 24 while the reservoir level raised from 
6490 to 6530. As and after the reservoir completed filling the opened joints 
began to close gradually, as much as 0,01 feet. The closing of joints took 
place later and more gradually than the opening, and all movement was in one 
direction. The joint movements are as would be predicted, and are favorably 
small. 

The timing and nature of joint movements are consistent with previous 
measurements. The magnitude of the movement is on the order of the small 
movements at Lower Bear River Dams.(10) The opening of joints near the 
top of the dam and near the abutments occurs just before complete filling, 
when the major settlement normal to the face in the lower portion of the dam 
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is taking place. As the reservoir completely fills and the crest completes its 
initial settlement, the crest length shortens. This tends to close all joints, 
including those which previously opened. 

Data and discussion has been confined to a brief presentation of the recent- 
ly acquired crest settlement data. There are bronze pins in the corners of 
each slab. The measurements determine the locations of the pins in space, 
joint opening and closing, and change in length of the slabs. The change in 
length of the slabs gives a measure of the stresses in the slabs, and an indi- 
cation of the movement of the rockfill under the slab. Points are also located 
on the downstream dumped rock face. 


Courtright Dam 


The site for Courtright Dam is a narrow granite canyon. Upstream is a 
very favorable reservoir site for a Sierra reservoir at such a high elevation, 
8188 feet.(2) The dam is nine miles by road from Wishon Dam, and is located 
on Helms Creek, a tributary to the North Fork of the Kings. (2,8) Water re- 
leased from Courtright goes to Wishon Reservoir. Annual carryover storage 
normally will be stored at Courtright, but the reservoir will be nearly or com- 
pletely drained following a dry year. 

The Courtright damsite had a narrow boulder filled gorge some 50 feet 
deep, Fig. 16. The left abutment was massive granite with “onion skin” 
surface, Fig. 20 and 21, and with talus of small rocks and fines. The right 
abutment was of blocky granite with jointing planes and had a talus containing 
many large rocks, Fig. 18. The choice of type of dam narrowed down to 
concrete arch and impervious face rockfill. Being a good arch site automatic- 
ally eliminated a concrete gravity type. There being no impervious materials 
available eliminated consideration of a core rockfill type. The concrete face 
rockfill dam was adopted on the basis of estimated cost being 35% lower than 
that of the concrete arch dam. Estimates were rather reliable since Wishon 
rockfill dam and the Monticello and Donnells arch dams had only recently 
been bid. The Courtright profile is very similar to Monticello and Donnells 
profiles. 

The design of Courtright is identical in many respects to that of Wishon 
and will be discussed only as it differs from Wishon. Comparative general 
data is presented in Table I, The data on Courtright Dam in Table I is differ - 
ent from previously published data, Between the 1957 and 1958 construction 
seasons it was decided to increase storage from 102,500 acre feet to 123,300 
acre feet at the Courtright site. 


Courtright Design 


Diversion Tunnel and Outlet Works.—The diversion tunnel is located in the 
massive granite of the left abutment in preference to a shorter tunnel in the 
jointed rock of the right abutment, Fig. 16. The alignment passes under the 
end of the dam in order to permit the installation of a Stevens water surface 
detector in a 4 inch drill hole from crest to tunnel. The submerged tower is 
similar to that at Wishon.(8) An underground valve chamber, similar to that 
of Wishon,(8) houses a 72 inch butterfly valve and a 42 inch Howell-Bunger 
valve. The tunnel is unlined for the full length. The sizes, Fig. 16, were de- 
termined by permanent outlet requirements and not temporary diversion re- 
quirements, since the drainage area is small and the design permits relatively 
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small flood flows to pass through the partially completed rockfill. The valve 
chamber also contains a 2 foot diameter bypass with two gate valves for drain- 
ing the reservoir in the unlikely event of trouble with the main outlet. 

Spillway.—The right abutment quarry provides a long open crest spillway 
that will pass an 8000 cfs design flood with only 4 feet of depth and with the 
4 foot coping as freeboard, Fig. 16. The unlined discharge channel is designed 
to carry increased flow as the reservoir water surface encroaches upon the 
freeboard of the coping wall. This gives additional security at no cost. The 
road is located in the spillway channel since reservoir operation is such that 
spilling nearly always may be prevented if necessary. An ungated spillway is 
economic at Courtright, whereas it was not at Wishon because of the smaller 
spillway capacity and the lower incremental cost of'a foot of height of dam at 
the Courtright site. 

Cross Section.—The 1.4:1 control line for the downstream face slope inter- 
sects the upstream face slope at the design crest elevation, Fig. 16. This 
means that nearly the full height of the downstream slope will be at the natur- 
al dumped slope. The crest width of 16 feet is considered a practicable mini- 
mum for construction and for such a high dam. The 20 foot crests at Lower 
Bear River and Wishon were to provide two-way roads and permit passage 
over the crest when maintenance equipment was parked on the crest. These 
requirements were not imposed at Courtright. 

Alignment.—The design axis of the dam is along a segment of a 5000 foot 
radius curve at design crest elevation. The layout of the dam is from a chord, 
called the baseline, connecting the intersections of the axis and the abutments. 
The vertical joints are in planes perpendicular to the baseline, Fig. 17. At 
the crest the middle ordinate is 18 feet and at horizontal joint 8030 it is 3 feet. 
In the lower area of the face the predicted settlement will nearly change the 
moderate upstream arching to a straight line. At the crest enough curvature 
will always remain to give a favorable appearance. The dam is cambered 
with 4.2 foot overbuild at the maximum section. 

Streambed Cutoff Plug.—The streambed material consisted of boulders 
tightly embedded in sand and gravel. It was considered a suitable foundation 
for a rockfill but was excavated to provide a cutoff for the dam. The stream- 
bed cutoff plug, Fig. 16, was designed as a shear plug with a shear stress of 
150 psi. Near the top of the plug, stirrups were used. 

Cutoff and Grouting.—The left abutment presents no cutoff or grouting 
problems since the granite is massive and without seams other than the “onion 
skin” near the surface, which was removed. The right abutment, with its deep 
jointing planes, requires special consideration and a careful and thorough 
grouting program. 

Concrete Face.—The only difference from the face at Wishon is the joint 
arrangement, Fig. 17. The sloping joint is used for the full perimeter to ac- 
commodate the high differential movements that are anticipated due to the 
steep abutments. The right abutment is so steep that several sloping joints 
have been used. Only a short distance out on the face from the right abutment 
cliff, the water pressure is carried through a long distance in rockfill to the 
foundation. High settlement will occur close to the fixed and unyielding cutoff 
wall and the several hinged slabs should tend to prevent cracks. Between the 
slab and its seat on the cutoff, Fig. 3, a 2-inch strip of styrofoam is used for 
the full length of cutoff wall to permit the slab to move at the cutoff line. 

The design, as it relates to foundation excavation, can best be reviewed 
along with comments on construction. The dumped and placed rockfill 


j 
i 
=, 
é 
4 
wid 
> 
7 
4 
3 
fe: 
Carls; 
7 


1746-28 


Fig. 18. Talus remains in place as rockfill, 


PO 4 August, 1958 

DESIGN CREST COMSTAUCTEO CREST 
“Tron 
ooo § 

a JOINT - 

: pi 

Na | : 

4 
N | 

FIG. 17 DEVELOPED VIEW OF FACE - COURTRIGHT DAM is 

* 


ASCE ROCKFILL DAMS 1746-29 


specifications and methods are the same except that sluicing is at a water to 
rock volume ratio of 2:1 rather than 3:1. This change from Wishon was made 
since clean rock was expected and there is not quite enough summer water 
supply at Courtright, for the 3:1 ratio, without recirculating. 


Courtright Construction 


A nine-mile road was constructed from Wishon Dam to the Courtright dam- 
site in late 1955. The contract for the dam was awarded to Morrison-Walsh- 
Perini in December 1955. In four months of 1956, July through October, con- 
struction consisted of clearing, diversion tunnel, streambed plug, excavation, 
cutoff and opening of quarry. By asphalt paving the road in 1956, and keeping 
it snow-plowed during the winter, an early start in May of 1957 gave a longer 
than normal construction season in 1957. Six months of construction in 1957 
brought the dam to the stage shown on Figs. 19B and 21. Due to very heavy 
snows in the winter of 1957, construction was not underway until early June 
of 1958, and then in six to eight feet of snow. With favorable weather at the 
end of the 1958 construction season, it may be expected that the dam will be 
completed in 1958. 

Since Wishon and Courtright are located near each other and were under 
construction at the same time, the prior published articles on construction 
cover the two dams together.\1,3-7,9 

Foundation Excavation. — Though the Courtright site is primarily exposed 
granite, there was a substantial amount of talus and streambed deposit. On 
the left abutment there was a talus of small rocks and fines that was removed. 
The streambed boulders and gravels were left in place except for the exca- 
vation for the streambed plug and of several sandbars. The very substantial 
volume of talus on the right abutment, Fig. 18, required special consideration. 
It was considered that this talus probably would be as good as a rockfil! and 
the cost of removing it and replacing it with rockfill could be avoided. Five 
drill holes indicated the depth of talus to be 30 to 50 feet and the composition 
to be rocks and earth. The major portion of the talus was downstream from 
the axis of the dam. It was decided to leave the talus in place subject to: 


(a) Excavation of the talus to 150 feet downstream from the cutoff to as- 
sure knowledge of conditions underlying the lower half of the concrete 
face. 

(b) To reconsider leaving the talus in place after seeing the excavation of 
(a). 

(c) To hydraulic monitor the surface areas of fines on the talus slope at a 
bid price per monitor-hour. 

(d) To explore and to remove some fines from the top of the talus slope 
when the first dumped fill lift provided access to the top of the talus. 


Except for the arbitrary excavation (a) and some pockets of fines (d) the 
talus remained in the dam. 

A suggested lift arrangement with face lifts, similar to Fig. 5, was includ- 
ed in the bidders’ set of drawings. The contractor, Morrison-Walsh-Perini, 
improved on the suggested arrangement by ramping access roads to the face 
lifts within the rockfill to avoid the cost of excavating haul roads in the solid 
rock abutments. The actual arrangement is illustrated by the isometrics of 
Fig. 19 and photos of Figs. 20 and 21. A common point on each view is 
circled. Fig. 20 shows the stage of construction on August 21 when the 
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Fig. 21. Kings River Project. A new lift has been started in the background 
in the construction of Courtright Dam, The cutoff trench carved into the 
left abutment beyond the crane near the edge of the dam in the back- 
ground indicates the height still to be reached. 


ASCE 
: 
7 
ties Fig. 20 


1746-32 PO 4 August, 1958 


dumped rockfill was rising in a spiral and ramping was downward to the face 
lifts. Fig. 19A, October 1, shows access to a face lift from the left abutment 
while the right abutment access is being established. Figs. 19B and 21, 
November 1, show the stage of construction on the same day by isometric and 
by photograph. Access to the face lifts is possible from the right abutment 
access road, All the ramping is within the final cross-section of the dam. 
The 317-foot rockfill dam is constructed from four haul roads; one near 
streambed level, one on each abutment at intermediate levels, and one at the 
crest. Two quarries were used, one on each abutment. 


CONCLUSION 


The design included a number of features to reduce costs over previous de- 
signs, and to make the construction of these dams a continuous and straight- 
forward production job. Economies beyond the design changes have been made 
by the contractor for both dams. Their effective use of face lifts, methods in 
supplying and handling placed rock, use of exceptionally large placed rock, and 
overall job planning has kept their costs down and brought both dams well 
ahead of schedule. 

Features were incorporated in the design and construction of the placed 
rock and concrete face, to effect substantial savings in cost, that knowingly 
subjected the face to some possible cracking. Observations, during and after 
construction, indicated that no cracks occurred and that settlement during con- 
struction was nominal. The concrete face and placed rock may be considered 
as the impervious membrane for the dam, and are treated in detail in this 
paper. However, the most important and main structural element of the dam 
is the well sluiced dumped rockfill. 

Careful measurements are being kept of the movements of both dams and 
should contribute to future dams of greater height, still lower costs, and of 
unquestioned safety. 


ORGANIZATION 


Engineering was under the direction of Walter Dreyer, vice president and 
chief engineer of Pacific Gas and Electric Company, and H. V. Lutge, then 
chief civil engineer. I. C. Steele was consulting engineer. The experience of 
T. J. Corwin, supervising civil engineer, has been particularly helpful. The 
writer is indebted to J. E. Schumann, A. Seklemian, and A. G, Strassburger, 
who have been engaged with him on the engineering studies and design. The 
help in the review of this paper by Walter Dreyer and by J. D. Worthington, 
chief civil engineer, is gratefully acknowledged. 

Construction is under the direction of A. J. Swank, vice president in charge 
of general construction, and H. W. Haberkorn, manager of hydroelectric con- 
struction. Joe Pirtz, Jr. is project superintendent and George Thacher, 
project engineer. 

The contractor for both dams is Morrison-Walsh-Perini, sponsored by 
Morrison-Knudsen Company and represented by Jim Wells, vice president. 

B. L. Perkins is project manager and John F. Erdle is project engineer. 
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. Kings River Project—Two Rock-Filled Dams Under Construction in 
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FOREWORD 


This paper is one of a group from the ASCE Symposium on Rockfill Dams, 
June, 1958, at Portland, Oregon. 

For purposes of this Symposium, a rockfill dam is considered to be one 
that relies on dumped rock as a major structural element. Included are rock- 
fill dams of the types with impervious face membranes, sloping earth cores, 
thin central cores, and thick central cores, 

The objective of the Symposium is to assemble experience data on the high- 
er rockfill dams of all types along with discussion by engineers engaged on 
rockfill dam projects. It is hoped that this Symposium will contribute toward 
improved, more economic and higher rockfill dams of all types. 


ABSTRACT 


The 361-foot high Paradela Concrete Face Rockfill Dam forms part of the 
hydro-power development of Northern Portugal. The paper discusses the se- 
lection of site and type of dam, describes the design and the construction 
details and procedure, and presents performance data. 


Note: Discussion open until January 1, 1959. Separate discussions should be submitted 
for the individual papers in this symposium. To extend the closing date one month, 
a written request must be filed with the Executive Secretary,ASCE. Paper 1747 is 
part of the copyrighted Journal of the Power Division, Proceedings of the American 
Society of Civil Engineers, Vol. 84, No. PO 4, August, 1958. 


1. Technical Director, Civ. Engr., Hydro Electrica Do Cavado, S.A.R.L., 
Porto, Portugal. 


2. Technical Sub-Director, Civ. Engr., Hidro Electrica Do Cavado, S.A.R.L., 
Porto, Portugal. 


3. Civ. Engr., Hidro Electrica Do Cavado, S.A.R.L. Porto, Portugal. 
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General Considerations 


The hydro-electric development of the River Cavado and its tributary the 
Rabagao, of which the Hidro Eléctrica do Cavado, S.A.R.L. is the concession- 
ary, is situated in the North of Portugal in a district where the drainage area 
of those rivers has an average annual rainfall of about 2.100 mm (82.7 in.). 
(See Fig. 1) 

The utilised differences of water level lie between the elevations 903 m. 
(El. 2,963 ft.) for the CAvado River, 888,7 m. (El. 2,916 ft.) for the Rabagto 
River and 41 m. (El. 135 ft.), the corresponding gross heads being 862,0 m. 
(2,828 ft.) and 847,7 m. (2,781 ft.), respectively. 

The hydrological system of Portugal, which is practically uniform all over 
the country with generally low flows in summer time, as well as the scarcity 
of coal and its poor quality, gave rise to the idea of a development scheme 
capable of providing a high water storage. Accordingly, a number of storage 
developments were planned culminating in the Alto Rabagdo project, whose 
big reservoir, in spite of its relatively small drainage area, fully justifies it- 
self economically. In fact, the 781 x 106 m3. (633,000 acre. ft.) storage of the 
Alto Rabagido reservoir provides for a storage in energy of 1.364 x 106 kWh. 
taking into consideration, of course, the heads of the downstream develop- 
ments. So the Portuguese grid system will have at its disposal a considerable 
amount of energy in reserve to provide for possible dry years, a fact of great- 
er importance if we remember that the total Portuguese demand in 1964, the 
year in which the project will be concluded, will be about 4.3 x 109 kWh. 


The general characteristics of the various projects of this scheme are 
shown ir. Table 1. 


The Paradela Project 


The Paradela project was the fourth carried out by the Hidro Eléctrica do 
Cavado. (See Fig. 2) 

This is a development with a dumped rock-fill dam in the valley of the 
Cavado creating a reservoir with a capacity of 158 x 106 m3, (128,000 acre. 
ft.) and an area of 380 ha. (939 acres). The water is diverted to an unrein- 
forced concrete lined pressure tunnel which is only steel lined in certain 
sections, either where there are bad rock characteristics or where the head 
is greater than 110 m. (361 ft.). The inside diameter of this tunnel varies 
from 2,80 m. (9.2 ft.) to 2,25 m, (7.4 ft.) anditstotal length is 9,5 km. (31,170 
ft.). Near the reservoir there is a caterpillar gate with 2,50 x 3,80 m. 

(8.2 x 12.5 ft.) and a steel trash rack operated in an intake shaft. The tunnel 
intake has a fixed reinforced concrete trash rack. 

Near the end of the underground works there is a butterfly valve placed in 
a chamber, to protect the open air penstock. Upstream from this valve is 
located a shaft surge tank with compensation galleries and an open air ex- 
pansion tank, 

The penstock layout has a slightly inclined section, amounting to 1.350 m. 
(4,429 ft.) followed by a 570 m. (1,870 ft.) steeply inclined section, Its diame- 
ter varies from 2,35 m. (7.7 ft.) to 2,05 m. (6.7 ft.). It has no expansion 
joints and its variations in length due to temperature changes are made possi- 
ble by the distortion of the penstock at the bends; in the straight sections, the 
tendency to expand or contract is taken up by the internal stress in the pipe. 
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The water, after passing through an in-line self-closing valve erected in 
the Vila Nova power station, operates a 117.000 H.P. Francis turbine which 
has a 50 Htz., 60.000 kKVA., generator coupled to its shaft. In case of need the 
water from the Paradela reservoir can operate one of the three Pelton sets 
normally operated by the Venda Nova reservoir water (39.000 H.P. turbine 
and a 30.000 kVA. generator.) 


The Paradela Dam 


After selecting the stretch of the River CAvado where the dam was to be 
constructed, its final location was chosen after a comprehensive geological 
survey carried out to find the most favourable conditions. However, the very 
varied weathering of the granite, and the numerous faults which exist in many 
different directions, and often show gouge material of considerable and vary- 
ing thickness, resulted in any type of rigid dam being out of the question, even 
those which, like buttress dams, might stand more distortion of the foun- 
dations. 

Owing to the total absence in this area of earth suitable for the construction 
of an earth dam, even for a sloping core rock-fill dam, these solutions were 
also found to be out of the question. 

So, the only solution left was a rock-fill dam with reinforced concrete im- 
pervious membrane on the upstream face. This was the one finally adopted 
and constructed. Besides, the fact that there was a good granite quarry about 
2 km. from the site, added to the practicability of this solution. 

After preparing a first study of the dam, the authors of this paper went on 
a study visit to the U.S.A. for the purpose of visiting similar projects. Ac- 
cordingly, they visited in 1954 some of the most interesting projects carried 
out up to that time in the U.S.A. They take this opportunity of putting on 
record their gratitude to their American colleagues who gave them such a 
kind reception and so greatly helped them on their mission. 

It is well known thet the countless problems raised by the construction of 
this type of dam carnot be mastered either by calculations or by experiment. 
And so the plans must be drawn up empirically, based on the teachings of ex- 
perience acquired either in the execution of, or in observing the behaviour of 
similar projects already carried out. 

The plan of the Paradela dam, with its maximum height of 110 m. (361 ft.), 
was mainly inspired by those of the Salt Springs—maximum height 100.0 m. 
(328 ft.)—and the Bear River—maximum height 73,2 m. (240 ft.) dams, both 
belonging to the Pacific Gas & Electric Company; the required extrapolation 
being justified by the fully satisfactory behaviour of the former (built 1931), 
proved chiefly by its many years service. 

We would point out here that the maximum height of the dam was lowered 
from the initially foreseen 112 m. (367.5 ft.) to 110 m. (360.9 ft.), as a result 
of the glory-hole spillway having been relieved by the construction of a 
second spillway, which made it possible to reduce the freeboard required for 
the regularization of the maximum estimated flood. 

In its general lines, (Fig. 2), the dam consists of a dumped rock-fill em- 
bankment made watertight by an impervious reinforced concrete membrane 
placed on the upstream face over a layer of placed rock used for a better 
distribution of the reaction of the dumped rock-fill on the membrane. 
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The seepage through the foundation is prevented by means of a grout 
curtain of cement and silicates varying in depth according to the hydrostatic 
load and the quality of the rock. The connection between this curtain and the 
watertight membrane covering the face is secured by a concrete cutoff wall 
poured into an open trench running along the base of the upstream face of the 
dam. 


Foundations 


As already mentioned, the site where the Paradela Dam is located has a 
granite foundation with variable degrees of weathering. By means of ex- 
tensive excavations—about 370.000 m3. (480,000 cu. yd.)—the foundation area 
was regularized and the most weathered rock was extracted, although some 
patches of rather weathered granite were still left. 

The following treatment was applied to these patches which might be 
eventually eroded by leakages from the curtain: After a cleansing by a jet of 
water, the ground was covered by a layer of hard granite over which the rock- 
fill would later be dumped. This procedure aimed at a double effect. In the 
first place it was intended to provide the foundation with a protection layer 
against soil erosion caused by eventual leakages; this is achieved by the fill- 
ing in of the voids in the crushed rock layer with the fines carried by the 
copious sluicing during the dumping of the rock-fill. In the second place, it 
lessens the settlement of the rock-fill where this is due to the penetrating of 
rock points or small surfaces into a relatively soft foundation. In fact, the 
stones will then rest upon a larger surface obtained at the expense of the 
distribution afforded by the crushed granite cushion. 

In the areas where the foundation of weathered granite was sloping and did 
not allow the cushion granite to remain in position, all the more so because 
it had to resist the impact of great blocks, a dry rubble wall had to be con- 
structed which would support the steeply sloping crushed granite. 

The faults appearing in the surface of the foundation also had to be proper- 
ly treated, to avoid the erosion of their granite gouge and their more 
weathered edges by leakages through the banks. 

To carry out this treatment the faults and their surroundings were cleaned 
to a depth of 60 cm. (2 ft.) and the material taken out was replaced by a filter 
of sand and calibrated crushed granite placed in layers and covered with a 
layer of “cyclopic” concrete. 

As far as the treatment of the foundation is concerned it should be pointed 
out that there was an area on the left bank, near the downstream foot of the 
dam, where the granite exists in almost horizontal! layers alternatingly hard 
and weathered. To avoid the washing away of the material in the layers of 
greatest weathering by waters coming through the banks, a supporting wall of 
concrete was built with a maximum height of about 10,0 m. (32.8 ft.), which 
could support a filter made up of various layers of sand and crushed granite 
to prevent the smallest fines from escaping into the rock-fill. 


Location and Shape of the Dam 


The location of the dam was fundamentally in accordance with geological 
requirements because it was decided that the cutoff wall should be located in 
an area of less weathered rock. Even so, it was necessary to excavate at 
some places to a depth of 15 m. (49.2 ft.). 
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In plan, the dam is in the form of a curve. (Fig. 2) This curvature is in- 
tended to produce, by means of the arch action, the following results: to op- 
pose the opening of the vertical joints and the tendency that has been verified 
for the rock-fill to move towards the centre of the valley. Accordingly, the 
dam is defined by a horizontal directrix, formed by two branches of hyperbo- 
las tangent at their vertices which coincide with joint 15. The hyperbola was 
chosen because it is a curve concentrating the curvature near its vertex and 
it was important to have more curvature in the central and lower part of the 
dam where the distance between the banks is less. 

The vertex of the hyperbola was fixed at joint 15 because the greatest 
settlements were expected at the profile of this joint, for although the profile 
of the dam is not greater in height on the upstream side, it is in its vertical 
plane that we find the longest “columns” of rock-fill that will have to transfer 
the water pressure to the foundation. 

In profile (Fig. 2) the upstream face of the placed rock was defined with a 
uniform inclination of 1,3/1 (1,3 in the horizontal and 1 in the vertical) and 
the downstream face would have the natural slope of the rock-fill, and this, 
moreover, was found to be of practically the same value as that assumed 
above. In consideration of the extremely slight seismic activity of the region 
and the expected good loose rock-fill dumping, no objection was seen to leav- 
ing the downstream face with the natural rock-fill slope, so much so that with 
the width planned for the crest and with the extra height of 2,00 m. (6.6 ft.) 
anticipated in the central and highest part of the dam—in expectation of the 
vertical settlement—the width of the base corresponding to the downstream 
slope, commonly planned at 1,4/1, was practically attained. 

On the other hand, as we expected, the safety of the downstream toe of the 
dam is increased as a result of the process of construction adopted. In reali- 
ty the dumping of lifts from a very great height causes a lessening of the 
slope of the lower part because of the great distance that the big rocks of the 
rock-fill roll after the fall from such a great height during which they have 
acquired considerable kinetic energy. 

The crest was planned with 7,75 m. (26.4 ft.) width, 0,75 m. (2.5 ft.) being 
for sidewalk on the upstream side, 6,00 m. (19.7 ft.) for roadway and 1,0 m. 
(3.3 ft.) for berme on the downstream side. 

Following the example of the Bear River Dam No. 1 the profile on the up- 
stream side was not made concave because the distribution of the settlements 


of the rock-fill under the action of water pressure would provide this ad- 
vantageous curvature. 


The Placed Rock 


A great deal of interest was attached to the placed rock layer to be intro- 
duced between the loose rockfill mass and the reinforced concrete face on the 
upstream side. The excellent workmanship available in Portugal made fine 
results possible in this kind of work, (Figs. 9 and 10). 

Considering the height of the dam, it was thought that this layer should be 
thick, so that the reactions of the loose rock-fill should be well distributed, 
and of variable thickness increasing with the depth according to the law: 


e; = 3,00 + 0,05 hy (e;, hy - meters) 
or: 


= 10 +0.05 ho (eg, ho - feet) 
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in which “h” is the distance to the crest and “e” the thickness measured in 

the normal to the face. Hence, we have, at the lowest level of the dam, a layer 
of ‘wie m. (28.2 ft.) or, measured horizontally, approximately 14,00 m. (45.9 
ft.). 

Where the placed rock-fill comes in contact with the foundation, that is, 
near the cutoff wall, a special layer, 1,00 m. (3.3 ft.) thick, was made in which 
the voids between the roc::s were filled with concrete, It was intended, by 
this means, to get a better distribution on the ground of the pressures trans- 
mitted by the concrete face while the foundation was at the same time protect- 
ed, in the neighbourhood of the connection of the concrete face with the cutoff 
wall, from the erosive action of eventual leakages, the energy of which is not 
lost by passing through the placed rock. At the same time, it prevents the 
grout from escaping into the rock-fill in the neighbourhood of the cutoff wall, 
during the execution of the grout curtain. 


The Cutoff Wall 


As stated before, the cutoff wall ensures the connection between the grout 
curtain and the concrete face. Besides, it prevents the leakages which, under 
the water load, might take place either through the surface on the foundation 
or through soil immediately below the latter. 

Given the characteristics of the foundations, it was thought necessary to 
provide for an inspection gallery in the body of the cutoff wall along almost 
the whole of its length. (Fig. 3) It is thus possible to control by means of 
conveniently placed drains the behaviour of the foundation grout curtain, as 
well as to carry out repairs to the said curtain, even with a full reservoir. 
Owing to the very nature of rock-fill dams it would be impossible to carry out 
such inspections in any other way. 

The necessary “gabarit” for the work in the gallery required that its cross- 
section should have 2,50 m. (8.2 ft.) in height and 1,70 m. (5.6 ft.) in width. 

It was also decided that the minimum thickness of the concrete between the 
gallery walls and the foundation or the reservoir water should vary,according 
to the elevation, between 1,85 m. (6.1 ft.) and 2,00 m. (6.6 ft.). 

On the other hand, it was determined that the development of the concrete 
rock contact line should be at least equal to 15% of the head corresponding to 
the water load in the section, so as to provide a sufficient length for the water 
percolation. 

In the high parts of both banks, and so as to economize on excavations, 
mainly on the left bank where they reached a depth of 15 m. (49.2 ft.), the lo- 
cation of the cutoff wall was moved downstream and it was constructed over 
the placed rock. In the final part of the right bank, between joints 33 and 37, 
the cutoff wall was designed without inspection gallery as it was a part under 
slight pressure and easily accessible as a result of the normal operation of 
the reservoir. 

Between consecutive connecting joints of the face the cutoff wall was poured 
in two blocks to enable the concrete to contract without structural damage. 
The joints between these blocks, in addition to the connecting keys, were fit- 
ted with water seais, made of sheet copper on the outer perimeter and of mild 
steel sheets on the perimeter of the inspection gallery. Compartments were 


thus formed which could be filled with cement grout and so watertightness 
was guaranteed. 
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The inspection gallery of the cutoff wall has 3 accesses: at the top of the 
left bank, at the bottom of the dam, and at the bottom of the col on the right 
bank. The latter two also allow the drainage of eventual leakages and of the 
water collected in the inspection drains in the grout curtain. 

The access galleries from the banks were concreted in open-air trenches 
in the foundation and afterwards covered by the rock-fill. The access at the 
bottom of the valley is through a tunnel open in the hillside. 

In the cutoff wall two drains were installed to permit the inspection of the 
whole of the concrete face. That at the bottom of the dam, close to the access 
gallery, allows the water contained between the dam and the upstream coffer 
dam to be emptied while the inflow of the river is diverted through the outlet 
at the bottom of the reservoir. This drain is constituted by two pipes, 30 cm. 
(1 ft.) in diameter, each one fitted with two valves in series. The other drain, 
installed in the lowest point of the right bank col, permits the drainage of the 
dead volume between the dam and the matural surface; it is fitted with only 
one pipe, 20 cm. (7.8 in.) in diameter, with two valves in series. 


The Impervious Membrane 


The impervious membrane of the rock-fill is the delicate point of this type 
of dam, as it is well known, 

In effect, as the rock-fill is subject to large scale settlements, not only 
during construction as a result of its own weight, but also later on owing to 
this same weight and the hydrostatic pressure, it becomes necessary to give 
to the impervious membrane the maximum possible flexibility so that it can 
follow such large deformations without damage. 

The problem is naturally solved when earth facing is employed and, in the 
case of dams of small and medium height, its solution is comparatively simple 
if sufficiently elastic materials (such as timber, steel or bituminous concrete) 
are used. However, it becomes more difficult when to the concrete, either 
plain or reinforced, is given the role of making the dam watertight, as is the 
case at Paradela. 

Here the flexibility is obtained by dividing the impervious membrane into 
slabs by means of open joints, some along horizontal lines, others along the 
slope. The watertightness of these joints is secured by the use of appropri- 
ately shaped copper sheets embedded into the concrete of the adjoining slabs. 

The impervious membrane of reinforced concrete varies in thickness with 
the depth, in accordance with the law: 


e3 = 0,30 + 0,00735 hg (eg, hg - meters) 


eg=1 +0.00735 hy (e4, hg - feet) 


where “h” is the depth in relation to the crest of the dam. 

In consequence of this law the impervious membrane has a thickness vary- 
ing from 0,30 m. (1 ft.) to 1,10 m. (3.6 ft.) measured on the normal to the 
concrete face, thus guaranteeing a thickness of concrete always greater than 
1% of the hydrostatic load, which has been proved, in other enterprises, to be 
sufficient to prevent the passage of water. 

As for the reinforcing steel, the calculation of which is necessarily fallible 
because it must be based on the computing of relative settlements which can- 
not be predicted with accuracy, it is also based on the experience acquired in 
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similar enterprises. This experience has shown that a mesh of density corre- 
sponding to a section of 0,5% of the concrete section, in both directions (hori- 
zontal and in the direction of the slope), is sufficient. 

This is how it has been done at Paradela, the reigforcement being placed 
in one or two layers according to the thickness of the concrete, 1" bars being 
used at the lower levels (where the concrete is thicker) and 3/4" bars in the 
upper parts. 

As can be seen in Figs. 4, 6 and 7, the Paradela dam has 14 horizontal 
joints placed at about 10 and 15 m. (32.9 and 49.3 ft.) interval, the shortest be- 
ing in the lower and central parts of the dam where the greatest settlements 
are to be expected. The joints along the slope are spaced at 15 m. (49.3 ft.). 
In the same figures can also be seen details of the different types of joints. 

The copper sheet used to seal the joints is 1,5 mm. (0.059 in.) thick in 
those below elevation 690.50 m. (El. 2,265.5 ft.) and 1,0 mm. (0,039 in.) in the 
rest. The part of the seal embedded in the concrete varies in dimension ac- 
cording to the joint and its elevation: 274 mm. (10.7 in.) and 224 mm. (8.7 
in.), depending on whether situated above or below elevation 690,50 m. (El. 
2,265.5 ft.), in the vertical joints;* and, in the horizontal joints, 281 mm. (11 
in.) when below that elevation and 231 mm. (9 in.) when above. 

The horizontal joints, all of them with 3 cm. (1.2 in.) openings, are filled 
with timber boards that, owing to their great deformability, absorb part of 
the deformation of the face which tends to close such joints; in this way an 
attempt is made to avoid the crushing of the concrete around these joints (a 
phenomenon observed in some facings already constructed and tried), and, at 
the same time, the relative rotation of adjoining slabs is made easier without 
the above mentioned disadvantage. 

In order to avoid squeezing the groove of the copper seal when the joint 
closes, a steam packed cork board is placed against, and glued to, one of its 
sides. At the other side a strip of “rubberoid” prevents the mortar from 
entering the space between the seal and the timber, as can be seen in Fig. 4. 

In the vertical joints, the opening has 7 or 5 cm, (2.7 or 2 in.) in the 
central part of the dam where the curvature is greatest, and 2,5 cm. (1 in.) 
in the lateral and lower parts. 

Downstream from the seal the joint opening is filled with steam packed 
cork board and the groove is protected against squeezing in the same way as 
in the horizontal joints. 

Upstream from the seal the opening widens to 20 and 15 cm. (7.8 and 5.9 
in.), respectively above and below elevation 690,50 m. (El. 2,265.5 ft.), and 
this widening may eventually be filled, in case of need, with a waterproof ma- 
terial to guarantee better watertightness. 

The connection between the impervious membrane and the cutoff wall is 
particularly delicate. In fact, as we have seen, an attempt is made to give the 
curtain the greatest possible flexibility to allow it to follow the unavoidable 
settlements of the rock-fill, which reach their maximum in the central section 
of the dam but slowly decrease in degree. However, the cutoff wall is fixed 
and practically rigid and, therefore, the impervious membrane may eventually 
have to withstand important differential deformations near it. 

At Salt Springs Dam, during the first few years after construction, numer- 
ous cracks appeared in the area near the junction of the face with the cutoff 


*To facilitate description, “vertical joint” means a joint along the slope. 
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wall and more or less parallel to the junction line. This fact was attributed 
to the excessive rigidity of the face in an area submitted to large differential 
settlements. 

Accordingly, in later projects it was thought to give the curtain an even 
greater flexibility in that area by the use of perimetric joints parallel to the 
junction with the cutoff wall, thus forming a sort of articulated frame in which 
the face is inserted. 

At Bear River Dam the use of such a perimetric joint practically stopped 
those cracks from appearing. 

At Paradela the face was constructed with two perimetric joints: one, 
4,50 m. (14.8 ft.) away from the junction with the cutoff wall, extends to about 
elevation 725,00 m. (El. 2,378.7 ft.); the other, at a distance of 3,00 m. (9.8 
ft.) from the first, therefore 7,50 m. (24.6 ft.) away from the junction with the 
cutoff wall, goes up to elevation 695,00 m. (El. 2,280.3 ft.) approximately. 

The existence of the large differential settlements referred to, made it 
necessary that the perimetric joints and the bottom joint with the cutoff wall 
should be able not only to open and close like the others but also to withstand 
stronger rotations. 

Another phenomenon occurs in some rock-fill dams~—and the Paradela Dam 
will be one of them—that influences the type of joint to be used in the junction 
with the cutoff wall, and in the perimetric slabs. In fact, in the case of very 
high dams in comparatively narrow valleys, there appears a tendency for the 
rock-fill to slide from the banks towards the centre of the valley. This 
movement of the rock-fill, although partially opposed by the arch action that 
the curvature of the dam intends to produce, as stated before, may carry with 
it the impervious membrane and cause a sort of sliding of the latter relative- 
ly to the cutoff wall which, being rigid and embedded in the foundation, can be 
considered fixed, as said. This same sliding can also occur in the perimetric 
joints. 

However the copper seal is bent, it does not easily follow this sliding which 
can, if it reaches great proportions, lead to the tearing of the seal and the 
failure of the watertightening system. This problem assumes greater im- 
portance in the joint between the impervious membrane and the cutoff wall, 
where, the latter being fixed, the differential slidings will be greater. In the 
Bear River Dam, for example, an attempt was made at overcoming this draw- 
back by interlocking the hinge slab and the cutoff wall by means of keys in 
order to prevent such sliding movements. However, this is equivalent to 
transferring the problem from the junction with the cutoff wall to the peri- 
metric joint. 

At Paradela, in preference to a solution of this type, these joints (the joint 
at the cutoff wall and the perimetric joints) were designed so as to follow all 
possible movements, isolated or simultaneous. It is believed that this aim 
was achieved with the help of a double watertightening system: an appropri- 
ately folded copper sheet and, in the event of its failure, a fairly deformable 
material with great power of adhesion to the concrete and the copper, made 
with a base of unvulcanised natural rubber (“Guttaterna”), 

The copper seal, either 1,5 mm. (0.059 in.) or 1 mm. (0.039 in.) in thick- 
ness according to whether the joint is below or above the elevation 690,50 m. 
(El. 2,265.5 ft.), has, as can be seen in Fig. 4, a double groove: one welded 
to the parts embedded in the concrete, and the other, free inside the first, is 
in addition covered by the free extremity of the two embedded parts. 
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Immediately above the copper seal, the opening of the joints is 23 cm. (9 
in.) wide and it is filled with “Guttaterna” to a depth of 10 cm. (3.9 in.). 

In the event of the first groove of the copper seal being ruptured owing to 
a serious differential sliding, the second prevents the “Guttaterna” from es- 
caping, under the hydrostatic pressure which reaches more than 10 kg/cm2. 
(142.2 psi.) in the lower part of the dam, and as a result of its great plasticity, 
into the interior of the dam thus leaving an open way for the water. 

In order to protect the “Guttaterna” from the heat when the reservoir is 
empty or partly filled, a board, fixed by small clamps to one of the slabs, runs 
along the joints leaving an opening of only 5 cm. (2 in.). 

The opening of these joints below the copper seal is 3 cm. (1.2 in.) wide 
and it is filled, as in the horizontal joints, with timber board. As in the re- 
maining joints, the groove of the copper seal is also protected against squeez- 
ing by “rubberoid” and steam packed cork board. 

In the joint connecting the face to the cutoff wall, and in order to facilitate 
the movements of the former without crushing the concrete, a sheet of steam 
packed cork board, 8 cm. (3.1 in.) thick, is placed between the face and the 
cutoff wall. 

The copper seals that make up the watertightening system of the joints 
must be continuous along all of them. Only in this way can they entirely ful- 
fill their function. 

Accordingly, it is easy to understand that the points where any two joints 
cross give origin to a particularly difficult problem. The continuity of the 
copper seals meeting at such points must be maintained, regardless of their 
shapes or dimensions and of the movements which they may be subject to and 
which may be contrary: one joint opening while the other closes. 

In some American dams already constructed (Salt Springs, Dix) the seals 
of the vertical joints have been kept continuous while, at the meeting points, 
the seals of the horizontal joints have been flattened and then welded to those 
of the vertical joints. The different movements liable to occur there were, 
thus, deliberately ignored, and the copper seal was, in a manner of speaking, 
abandoned to its own fate. 

This was done both in the crossings of the above mentioned joints and in 
the points where they met the cutoff wall joint or, in the case of the Bear 
River Dam, the perimetric joints. 

At Paradela an attempt was made to solve the problem by means of the 
specially designed pieces shown in Figs. 4, 13 and 14. The problem is be- 
lieved to have been satisfactorily solved in this way, because the continuity of 
the copper seals is secured and the piece has enough deformability to allow it 
to adapt itself to all movements to be expected. 

There is a special piece for each different crossing and it must respect 
the direction of the joints meeting there. There are even pieces with only 3 
branches, such as those used in the crossings with the joint between the 
concrete face and the cutoff wall. 


The Crest 


Above the level of the crest and on the upstream side a coping wall, 
1,40 m, (4.6 ft.) high was constructed to give the necessary protection against 


the overtopping of the dam by waves that might originate on the surface of 
the reservoir. 
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FIG. 13 — COPPER SEALS. DETAIL. 
SPECIAL SEALS CROSSING PIECE. 


FIG. 14 — TYPICAL SEALS CROSSING PIECE. 
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This coping consists of pre-fabricated reinforced concrete slabs, 12 cm. 
(4.7 in.) thick, fitted in a groove planned for this purpose on the top of the 
concrete face, The length of these slabs is about 2,3 m. (7.5 ft.), and on the 
side ends they finish in columns, also of reinforced concrete, joined to the 
concrete face. Above, the coping is finished with a sill of reinforced concrete, 
also pre-fabricated. The allowance made in the various grooves and the 
tarred rope caulking around the slabs make the dam movements possible as 
well as the eventual readjustments that might be necessary. 


General Aspects of the Construction 
The Quarry 


As has been already mentioned, a granite quarry was used for the con- 
struction of the dam. This quarry is about 2 km, (1.2 miles) away ina 
straight line from the dam, (Figs. 12 and 15) but for the transport of the rock 
it was necessary to make a road, 4,5 km. (2.8 miles) long with the minimum 
width of 9,00 m. (29.5 ft.) to provide easy transit for lorries. It must be not- 
ed that it proved worthwhile, taking European economics into consideration, 
to lay an asphalt surfacing so as to reduce the wear and tear of lorry tyres. 

The quarry was first worked in two levels: the lower being 40 m. (131 ft.) 
high and the upper one of heights varying between 60 m. (197 ft.) and 40 m. 
(131 ft.). Ata later stage the 40 m. (131 ft.) high prism of rock, remaining 
after the previous operations, was worked. It is the opinion of the authors 
that this type of quarrying with such high banks ought to be avoided owing to 
the considerable danger involved. 

For the placing of the explosives, compressed air drills were used of a 
type in which the motor itself together with the “bit” goes down the hole which 
has a diameter of 10 cm. (4 in.), thus making long drills economical without 
wasting mechanical energy in transmitting it from the opening to the bottom 
of the hole. 


The chief equipment of the quarry was as follows: 


Compressors 500 HR 

Drilling Machines 10 STENWICK 

Shovels 3 LIMA, 3-1/2 cu. yds. 
2 LIMA, 4 cu, yds. 

Buildozers 2 CATERPILLAR D-8 


The transport equipment consisted of 22 Euclids of 22 tons, fitted with hydro- 
reryees During some periods this equipment was reinforced by 5 Cyclops 
15 tons). 

It may be mentioned here that for the payment of the rockfill a price was 
fixed per cubic meter, measured in the quarry, including all the operations 
for extraction, loading, transport, unloading and sluicing. The waste was also 
paid for at another price per cubic meter dumped in the place destined for it. 
In this way it was easier to estimate the amount of work to be paid for. The 
volume of the waste in this dump is measured and the result reduced to rock 
“in situ”, by applying a coefficient corresponding to the rate of volume in- 
crease. This coefficient is determined by weighing the material taken from 


various test pits made in the dump and previous knowledge of the density of 
the rock. 
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FIG. 12 — CONSTRUCTION OPERATIONS FOR STAGE 2. 
(NOTICE THE QUARRY IN THE RIGHT BACK-GROUND) 
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FIG. 15 — GENERAL VIEW LOOKING DOWNSTREAM. 
(AT THE END OF STAGE 3) 


NOTICE THE GLORY-HOLE SPILLWAY, 
THE AIR SHAFT AND THE QUARRY 


FIG. 16 — GENERAL VIEW LOOKING UPSTREAM. 
(STAGE 3 LIFT FINISHED) 


NOTICE ON THE RIGHT BANK THE DEPOSIT OF FINES 
REMOVED FROM STAGE 1 LIFT, THE PORTAL OF THE 
SPILLWAY TUNNEL AND THE OUTLET BUTTERFLY VALVE. 
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In this way the owner will be able to take action without prejudicing the 
contractor. 

Of the total volume of rock extracted, about 20% was waste or considered 
as such. This percentage exceeded the original estimate and was due not only 
to geological accidents in the quarry area but also to the rejection of the fines 
resulting from the blasting of the rock. 

This last problem—to separate the fines which are inevitable in the quarry- 
ing and to estimate if the percentage they represent is higher than that allowed 
by the specifications—seems to be the hardest to solve owing to the countless 
difficulties raised by the continuous supply of material requiring simultaneous - 
ly such a great number of workmen and so much equipment. The authors are 
of the opinion that only training and professional consciousness on the part of 
the excavator operators together with careful supervision, both by those di- 
recting the work and the contractor, can solve this problem owing to the diffi- 
culty of controlling the way the specifications are being carried out. 

The production peak of the quarry with the equipment described reached 
10000 tons per 20 hour working day. 

In the dumping of the loose rock-fill the only point worthy of note seems to 
be that the sluicing water used at the Paradela Dam during the dumping was 
equivalent in volume to four times the volume of the dumped rock, measured 
in the dam. 

To make the sluicing operations easier the monitors were placed at the 
ends of overhanging booms balanced by a counterweight, the whole forming an 
easily movable structure on wheels. All movements of the monitor around its 
vertical and horizontal axes could be remote-controlled. 

The arrangements described made it possible to sluice straight on to the 
dumping from the trucks and this proved to be the most efficient way of re- 
moving the fines not separated in the quarry. 

As will be described later, very high lifts were employed from relatively 
narrow tracks about 20 m. (65.6 ft.) wide. This procedure made it possible 
to make successive partial fillings of the reservoir and resulted in a great 
compaction of the rock-fill. 

Not only did the rocks, when falling from a great height, break their sharp 
points in the successive impacts but tremendous vibration energy was com- 
municated to the whole when there were extensive slides of rock-fill. These 
slidings arose from the fact that unstable slopes had been formed in the dump- 
ing slope owing to the successive accumulation of piled up rocks. When a 
dump broke the equilibrium, large masses were set in motion and caused 
tremendous trepidation, estimated to last about two minutes and sometimes 
more. 

The disadvantage of dumping large volumes of rock-fill from narrow tracks g 
is that of the accumulation of fines that segregate at the very moment the 7 
trucks are unloaded. 

To get an idea of the depth of the area it would be necessary to take away 
because it did not guarantee good contact between big rocks without interpos- 
ing fines, experimental test excavations were made to about 6 m. (19.7 ft.) but 
concrete conclusions could not really be drawn as observation was very diffi- 
cult. However, at that depth there seemed to be a greater percentage of big 
rocks. It was then decided to take away all the fines of a layer 6 m. (19.7 ft.) 
in height on the upstream side and 2 m. (6.6 ft.) on the downstream side, as- 
suming that it would be preferable to achieve homogeneity in the quality of 


the dumped rock-fill in order to avoid differential settlements harmful to the 
concrete face. 
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This deep treatment was only carried out on the first stage lift at elevation 
700 m., (El. 2,297.7 ft.). In the other lifts, as the elevations were greater, a 
lighter treatment was carried out, the transit layer for the lorries being re- 
moved and finally, by monitor jet treatment on the rock-fill, the big rocks on 


which the later dumpings from other lifts would rest were in this way left 
exposed. 


The Placed Rock 


The placed rock layer was constructed with the help of 8 cranes working 
simultaneously at different levels, and the adequate rock was supplied by 
dumping from the construction tracks on the lifts (Figs. 9 and 10), The rock 
utilised was always the largest available that could be handled by the 
equipment installed; the voids between large rocks were filled up with hand- 
placed rocks up to 25 kgs. (55 lbs.) in weight. The remaining voids were filled 
with 5 cm. (2 in.) hard crushed granite. 

One problem that required attention was the accumulation of fines in the 
area of contact between the placed and the loose rock caused by the fines ac- 
cumulated on the construction lifts (Fig. 16) being carried down when the 
lorries dumped their supply of rock for the construction of the placed rock 
layer. With the use of monitors, and even by hand excavation, those fines 
were removed in order to uncover the large rocks of the loose rock-fill 
against which the placed rock rested. The supply of rock to each place of 
work was not without some difficulties chiefly in the areas furthest from the 
lifts because the rocks reached great velocity and were in the risk of falling 
along the upstream face of the placed rock or on the part of the impervious 
face already concreted. With the previous placing of large blocks forming a 
retaining wall, or by constructing strong timber defences, this problem was 
overcome and very few large stones went beyond this fixed limit. 

It should be further noted that the joints between the rocks on the upstream 
face of the placed rock were filled with poor cement mortar to prevent the 


laitance of the concrete of the impervious membrane from escaping during 
placing. 


The Impervious Membrane 


The concreting of the face (Figs. 11 and 12) did not present any special 
problems. The concrete used contained 300 kgs. per cubic meter (505 lbs. 
cu. yd.), and was made of granite aggregates from the quarry, crushed in an 
“Almacoa” installation, and mixed in a “Winget” tower with two 3 cu. yds. 
concrete mixers. The concrete was transported by two radial cable cranes of 
6 tons each with two movable and one fixed towers. 

The forms of the upstream face were made of sliding panels covering the 
distance between vertical joints and having about 1,50 m. (4.9 ft.) along the 
slope. They were supported on guides fitted in the ribs under the vertical 
joints and on steel beams resting above and below the horizontal joints that 
limited the slabs being concreted. Manual cable winches pulled up the forms 
in successive steps, 0,70 m., (2.3 ft.) at a time. 

As can be seen in Fig. 4 a step was left in the concrete along the horizontal 
joints of the membrane. Besides facilitating the access for inspecting or re- 
pairing the face, this feature also gave sufficient head to the concrete “liqui- 
fied” by vibration, for it to get under the sides of the copper seal. Air could 
escape through little openings made in the forms of the joint, in the part below 
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the groove of the copper seal. To allow the escape of the air which was still 
retained between the side and the groove of the copper seal, because of its 
position, some rubber tubes were left with one end in the space to be filled 
with concrete. When the laitance began flowing from these tubes which were 
placed at intervals of about 1,5 m. (4.9 ft.), this space was considered to be 
adequately filled. 

As the definite figures are not yet available, it can only be said that an 
estimate, based on measurements made up to the present over great surfaces 
of the face, indicates a total consumption, in the face, of a theoretical concrete 
volume of 24.900 m3. (32,500 cu. yds.), to which corresponds 7.900 m3. 
(10,300 cu. yds.) of concrete beyond the theoretical lines. 


The total weight of copper used in the construction, including the seals in 
the cutoff wall comes to 95 tons. 


Construction Schedule 


The construction schedule of the Paradela Dam was organised with a view 
to the possibility of production of energy even in the course of construction. 
Accordingly, the work was divided into four stages, as follows: 


1st Stage - Dumping of loose rock-fill from a lift 20 m. (65.6 ft.) wide at 
the elevation 700,00 m. (El. 2,296.6 ft.) 
- Construction of the placed rock to elevation 680,00 m. (El. 
2,231.0 ft.) (Fig. 9) 
- Construction of the reinforced concrete face to elevation 
672,50 m. (El. 2,206.4 ft.) (Fig. 11) 
During this stage a provisional spillway was provided (Fig. 5) 
using the same tunnel as the final spillway. Also, later in this 
stage, the storage capacity of the reservoir was increased by 
raising the spillway lip by 3,00 m. (9.8 ft.) and by making a 
provisional timber face up to elevation 678,50 m. (El. 2,226.0 
ft.). 
2nd Stage - Dumping of loose rock-fill from a lift 16 m. (52.5 ft.) wide at 
elevation 730,00 m. (El. 2,395.0 ft.). 
Construction of placed rock and concrete face up to the same 
elevation. (Fig. 12) 
During this stage the final spillway (Fig. 5) was used, some 
openings having been left in the funnel shape structure with 
crest at elevation 725,50 m. (El. 2,380.2 ft.). 
3rd Stage - Dumping of loose rock-fill from a lift with the theoretical width 
of the dam at elevation 738,50 m. (El. 2,422.9 ft.), its level 
varying between this elevation and 740,50 m. (El. 2,429.5 ft.) so 
as to give the extra height of 2,00 m. (6.6 ft.) designed for the 
profile across the valley. 
Construction of loose rock-fill to the elevation of the con- 
struction crest. 
Construction of the concrete face to an elevation 50 cm. (19.7 
in.) below the elevation of the construction crest. 
During this stage the same spillway was used as in the 2nd 
stage. 
4th and Final Stage - Dumping from the construction crest of the loose 
rock-fill prism over the previous stage rock-fill. 
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- Construction of the ridge of the concrete face slabs and of the 
coping wall. 
The openings in the spillway structure were closed; henceforth 
flood control was done by the glory hole spillway (Figs. 5 and 
15), with its crest at the final elevation 740,00 m. (El. 2,427.8 
ft.), and by a chute spillway fitted with a radial gate and having 
its crest at elevation 734,50 m. (El. 2,409.8 ft.). 


Energy Output 


Besides the value of the reserve represented by the successive storages 
which were being built up in each different construction stage, the following 
amounts of energy were produced with the water of the Paradela reservoir in 
Venda Nova power house: 


Output* Storage 


Utilizing the ist stage 88.0 x 106 kWh Run-of-river 
Utilizing the 2nd stage 62.2 x 106 ” 110 x 106 kWh 
Utilizing the 3rd stage 0.5x 106 ” 115x 106 * 


*Only with Paradela head. 


Behaviour of the Dam 


Fig. 8 shows some results of observations carried out with a view to de- 
termining the movements of the concrete face, and which can be related to the 
data on the growth of the dam given in Figs. 6 and 7. 

Seeing that the dam has been loaded for a very short time and that it has 
not yet been unloaded, thus allowing further measurements, it is obvious that 
the elements now given have a somewhat reduced value. Therefore, the publi- 
cation of further observations to be made, and which it is hoped will be a use- 
ful contribution to the greater knowledge of this type of dam, must be left for 
some future occasion. 

However, we would like to point out that the total leakage measured with 
the level of the reservoir elevation 730,15 m. (El. 2,395.5 ft.) has only 
reached 209,5 lts/sec. (7.4 cfs.) for a concrete face area, not yet rejoined, of 
about 34.800 m2. (41,600 sq. yds.). 
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ROCKFILL DAMS: THE PARADELA DAM—FOUNDATION TREATMENT 
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FOREWORD 


This paper is one of a group from the ASCE Symposium on Rockfill Dams, 
June, 1958, at Portland, Oregon. 

For purposes of this Symposium, a rockfill dam is considered to be one 
that relies on dumped rock as a major structural element. Included are rock- 
fill dams of the types with impervious face membranes, sloping earth cores, 
thin central cores, and thick central cores. 

The objective of the Symposium is to assemble experience data on the high- 
er rockfill dams of all types along with discussion by engineers engaged on 
rockfill dam projects. It is hoped that this Symposium will contribute toward 
improved, more economic and higher rockfill dams of all types. 


ABSTRACT 


Foundation conditions at the site of the Paradela Dam in Portugal and the 
various problems they presented are described. The paper discusses the ar- 
rangement of grout curtains and other treatment carried out to suit the geo- 
logical conditions, and presents performance data on seepage control. 


The site of the Paradela Rockfill Dam presented various foundation 
problems that were resolved by an arrangement of grout curtains and other 
treatment to suit the geological conditions. The Paradela Concrete Face 
Rockfill Dam has been completely described by Messrs. Fernandes, de 
Oliveria and Porto in their paper (Proc. Paper 1747) that forms part of this 
Symposium, 


Note: Discussion open until January 1, 1959. Separate discussions should be submitted 
for the individual papers in this symposium. To extend the closing date one month, 
a written request must be filed with the Executive Secretary, ASCE. Paper 1748 is 
part of the copyrighted Journal of the Power Division, Proceedings of the American 
Society of Civil Engineers, Vol. 84, No. PO 4, August, 1958. 


Mgr., Sondagens Rodio Ltd., Drilling and Grouting Contractors, Lisbon, 
Portugal. 
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Foundation conditions were explored in 19 test drillings totaling 668.54 
meters as well as by means of 21 adits the total length of which amounts to 
841.20 meters. Most of the drillings are inclined as site surface investi- 
gations disclosed that rock joints and faults are approximately in the vertical. 

The rock encountered at Paradela Dam is a granite showing decomposition 
of hypogean character. Owing to marked weathering, one of the exploratory 
tunnels did not find reasonably compact rock even at a depth of 50 m. 

Systematic water pressure tests were carried out in all boreholes, in 
stages 5 m in length, at two or three pressures, i.e. 2, 5, and 10 kg per sq. 
cm. on the average. By comparing the rate of water absorption at different 
pressures, it could be ascertained whether the water flow in the subsoil is 
turbulent or laminar. In the first case, water absorption is proportional to 
the square root of the hydraulic head, whereas in the second case the water 
flow, in accordance with Darcy’s formula, is in direct relationship with the 
head. Tests results fully confirmed the general indications obtained from the 
cores: the permeability of this highly weathered granite is in the main simi- 
lar to that of sandy material. 

The granite at the dam site is intersected by several rather large fissures 
or faults. At the time when the corresponding tectonic movement took place, 
the granite along the faults was crushed into a pulp rich in clay and sand. 
Further decomposition and weathering utterly transformed this crushed ma- 
terial so that these faults offer now a risk of leakage. 

The exact location of the dam was decided upon so as to make it possible 
to establish the cutoff in a direction coincident with that of the best granite 
zone. It was, of course, impossible to avoid the faults and seams orientated 
from upstream towards downstream. In all points were these fissures cross 
the cutoff, excavating was continued either to a depth where relatively less 
disintegrated material was found or to a maximum depth of 15 m, from the 
floor of the inspection gallery within the cutoff wall. At the same time, faults 
showing insufficient compacity were excavated downstream from the cutoff 
wall; the extent of this operation is shown in Fig. 2. 

A rock-fill dam offers two peculiar features as far as sealing of the 
permeable foundation soil below the cutoff wall is concerned: 


(1) The full hydraulic head from the reservoir at capacity must be met by 
a very small zone of soil or rock around the contact surface of the cut- 
off wall. 


(2) It is difficult to detect and to stop grout leakage at the base of the rock- 
fill. 


Owing to these two peculiar conditions, it was necessary to supplement the 
main grout curtain by several means. Two short auxiliary curtains were 
therefore established upstream and downstream (see Fig. 1), thus providing 
more extensive direct grouting of the rock in contact with the cutoff wall. 
Since these curtains were executed first, they created better conditions for 
grouting the main curtain by reducing the likelihood of grout leakage. Further- 
more, the base of the placed rock, between the rock-fill and the concrete fac- 
ing of the dam, was laid in cement mortar, thus preventing grout leaking in 
the close neighbourhood of the cutoff. 

Timing of all grouting operations was scheduled in accordance with the 
progress of the dam structure, as deformations of the foundation under the 
weight of the rock-fill was to be accounted with. Grouting work began at the 
upstream auxiliary curtain; first, only at points where the rock-fill had 
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already reached elevation 700. In doing so, it could be assumed that no 
further movements would take place in the foundation, with the exception of 
those resulting from the filling of the reservoir. 

Grouting of the downstream auxiliary curtain was second on the time 
schedule. Once it was completed, the main curtain was grouted and, finally, 
with water level in the reservoir already rising, the contraction joints be- 
tween the elements of the cutoff wall were sealed. 

When projecting grouting operations, two kinds of possible water losses 
from the reservoir had to be reckoned with: (i) leakage through rock joints 
several millimeters wide and more or less filled up with coarse sandy ma- 

. terial, (ii) through fissures filled with material like fine sand and through the 
. mass of disintegrated porous granite whose permeability was known. First, 
it was proposed to seal the large seams with cement grout, as usual, and to 
remedy afterwards the subsisting permeability of rock exhibiting minor 
porosity by means of silicate grouting. But, as the entire upper zone of the 
reservoir is empty during the dry and hot summer season, decomposition of 
the silicate as a result of its drying was to be feared. Therefore, another 
“ procedure was arrived at and given a trial in a large-scale field test: by im- 
sd proving the efficiency of very finely grained cement grout, a three- 
x dimensional network of sealed joints would enclose the permeable masses of 
porous granite and, as a result, the effect of the subsisting permeability would 
be granite and, as a result, the effect of the subsisting permeability would be 
harmless. Moreover, the rate of permeability of weathered granite being 
rather low, the occurrence of local water flow would be of very small im- 
portance, 
Bs Experienced grouting engineers know well that a preliminary injection of 
oy silicate gel succeeds in lubricating such fissures where cement grout is 
ie scarcely admitted when no special procedure is applied. Field tests repeated- 
: ly showed that granite zones that would absorb practically no cement grout in 
a first attempt, could take in a considerable quantity of cement after the bore- 
holes had been previously washed and a small amount of silicate injected. 
After such a pretreatment, these zones could be immediately regrouted with 
cement and through the same drillings. 

The above procedure was applied for grouting the main curtain: a first 
range of holes was drilled and grouted, at 5 m spacing, so as to fill up the 
main fissures. Once the first range was completed, two intermediate holes 
were drilled and grouted. Knowing that, as a rule, grout shows a tendency to 
flow up from the borehole towards the surface, the next groups of grout holes 
were drilled and treated in downhill sequence whenever possible. 

Maximum grouting pressures were determined as follows: 


- 20 kg/sq. cm. when the packer was located at a distance of /over 10 m 
from the concrete of the cutoff wall, 

- 10 kg/sq. cm. when the packer of the borehole was located within the 

. concrete of the cutoff wall or a distance not exceeding 10 m, 

e: - 5 kg/sq. cm. for sealing the contraction joints in the cutoff wall. 


Depth to be reached by the three grout curtains were set as follows: 


- Upstream auxiliary curtain: 5 m down into granite; 

- Downstream auxiliary curtain: 2 m; 

- Main grout curtain: Drillings were carried out down till they met practi- 
cally impermeable rock, i.e. down to a 5 m stage whose absorption— 
checked in a 10 minute test after the water flow had become stabilized— 


eh 
hae 
ee 
: 
¥ 
ea 
> 
=a 
4 
| = 
= 
a 
ie 
x 
ote 
a 


1748-6 PO 4 August, 1958 


appeared to be less than one liter per minute and per meter, the pressure 
applied being 10 kg/sq. cm. A minimum depth of 20 m was ordered. 


Amount of grout used, per meter of cutoff wall: 


- Cement 1564 kg, chemicals 169 kg, in the three curtains. 
- Total drilling: 18.80 m per meter of cutoff wall. 


Whenever a water loss from the reservoir is observed in a structure of the 
type of Paradela Dam, it is impossible to locate the leaks as neither the 
concrete facing nor the soil area in the close neighbourhood of the cutoff wall 
are free for inspection. But, considering the danger which the occurence of 
piping may involve, it is imperative to provide for its immediate location so 
that measures to prevent a disaster may be taken. 

At Paradela Dam this problem was overcome by creating means for a close 
checking of the behaviour of the grout curtains. An extraordinary large 
number of seepage control holes were bored after completion of the grouting 
works (see Figs. 1 and 4), Thanks to these safeguard measures, should piping 
occur, it would be detected by the unusual inflow into the gallery through the 
observation borehole controlling the defective zone within the main grout 
curtain. 

The discharges collected in each of these observation holes is recorded by 
individual graphs. The measurements thus obtained evidence whether the rate 
of discharge and the head keep a linear character or not. From the readings 
of most of these graphs, it could be deduced that, as anticipated, the corre- 
sponding flow was laminar, i.e. in accordance with the basis of Darcy’s 
formula, Should a curve depart from the linear character as a result of in- 
creased discharge, this sign would indicate unsatisfactory conditions and ad- 
ditional grouting would be carried out without delay in the zone controlled by 
the respective hole. Fortunately nothing of the kind happened. 

The graphs furnished also some unexpected and interesting information. 
Winter rainfall upon the disintegrated granite caused considerable subsurface 
water flow down the adjoining hills. After a period of several days of dry 
weather, while the water level in the reservoir was still rising, the discharge 
from most of the holes for seepage control decreased as indicated in Fig. 5. 

The total water losses measured at the downstream heel of the dam amount- 
ed to 209.5 litres per second, with the reservoir at elevation 730.16 meters. 
The total inflow into the cutoff wall gallery, through the holes for seepage 
control was of 1.4 litres per second at the same time. 
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FIG. 3.- FRAGMENT OF MAIN GROUT CURTAIN. 
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ROCKFILL DAMS: DESIGN OF COUGAR CENTRAL CORE DAM 


Paul Thurber,! A. M. ASCE 
(Proc. Paper 1749) 


FOREWORD 


This paper is the last of a group from the ASCE Symposium on Rockfill 
Dams, June, 1958, at Portland, Oregon. The other papers in this Symposium 
have been published as Proc. Papers 1671, 1683, 1687, 1733, 1734, 1735, 1736, 
1737, 1738, 1739, 1740, 1741, 1744, 1745, 1746, 1747, and 1748, 

For purposes of this Symposium, a rockfill dam is considered to be one 
that relies on dumped rock as a major structural element. Included are rock- 
fill dams of the types with impervious face membranes, sloping earth cores, 
thin central cores, and thick central cores. 

The objective of the Symposium is to assemble experience data on the high- 
er rockfill dams of all types along with discussion by engineers engaged on 
rockfill dam projects. It is hoped that this Symposium will contribute toward 
improved, more economic and higher rockfill dams of all types. 


SYNOPSIS 


The design of a rockfill embankment for Cougar Dam involved a choice be- 
tween a central-core and a sloping-core section. The initial decision was for 
a sloping-core section but this was later reversed and a central-core section 
was adopted. The principal factor in making the final decision was the un- 
certainty as to the amount of water load settlement that could be expected in 
a rockfill embankment the height of the proposed dam and the susceptibility 


of a sloping core of compacted earth to rupture from the type of settlement 
that would occur. 


Note: Discussion open until January 1, 1959. Separate discussions should be submitted 
for the individual papers in this symposium. To extend the closing date one month, 
a written request must be filed with the Executive Secretary, ASCE. Paper 1749 is 
part of the copyrighted Journal of the Power Division, Proceedings of the American 
Society of Civil Engineers, Vol. 84, No. PO 4, August, 1958. 


1, Chf., Foundations and Materials Branch U. S. Army Engr. Dist., Portland, 
Ore. 
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INTRODUCTION 


Cougar Dam and Reservoir will be a unit in the general comprehensive 
plan for flood control, navigation, and other purposes in the Willamette River 
Basin in northwestern Oregon which was authorized by Congress in the Flood 
Control Act of 1938 (Public Law 761, 75th Congress, 3rd Session). The prima- 
ry function of the project will be flood control. Other functions will include 
power generation and storing water for release during periods of low natural 
flow to aid irrigation, navigation, and pollution abatement on the lower stretch- 
es of the river system. 

The dam site is located on the South Fork of the McKenzie River, 4.4 miles 
above the confluence of that stream with the McKenzie River and 42 air miles 
east of Eugene, Oregon. (Figs. 4 and 5) The dam, as now planned, will be 
1580 feet long at the crest and 445 feet high above the foundation with the axis 
arched upstream. It will control the runoff from 210 square miles of 
mountainous and timbered land on the western slopes of the Cascade 
Mountains, practically all of which is within the Willamette National Forest. 
The reservoir will cover 1280 acres at maximum pool and will have a storage 
capacity of 219,000 acre-feet, of which 155,000 acre-feet will be available for 
flood control storage. 

Appurtenant structures will include a concrete spillway on the right 
abutment, power and regulating outlet tunnels through the left abutment with a 
common intake structure, and a powerhouse near the downsiream toe of the 
dam. The spillway discharge will be controlled by two tainter gates, each 40 
feet wide by 43.5 feet high. The power tunnel will be steel-lined, 10.5 feet in 
diameter and 1200 feet long, and the regulating outlet tunnel will be concrete- 
lined, 13.5 feet in diameter and 1000 feet long. The initial power installation 
will be two 12,500 kilowatt units with provision for expansion to accommodate 
an additional unit if future power demand justifies a peaking plant. 

The diversion tunnel, a horseshoe-shaped unlined tunnel 19.5 feet in diame- 
ter and 1800 feet long, was completed in 1957 and approximately 1,400,000 
cubic yards of talus overburden was removed from the abutment slopes under 
a separate stripping contract during that year. A road along the west side of 
the reservoir, to replace the existing Forest Service road in the valley, is 
under construction and will be completed in the late fall of 1958. It is planned 
to award the contract for construction of the dam and appurtenant structures 
in the early spring of 1959 with completion scheduled for the fall of 1961. 


Geology and Foundation Conditions 


The dam site is located in the Western Cascades, a geologic province of ™ 
early and middle Tertiary pyroclastics, lava flows, and contemporaneous in- >» 
trusives. The oldest rock in the reservoir area is a series of bedded pyro- 
clastics which form the valley floor at the dam site. Following the accumu- 
lation of these pyroclastics there was a gentle regional warping which tilted a 
the area toward the east. After several cycles of vigorous erosion followed - - 
by renewed volcanic activity which filled the eroded valleys with lava flows 
and additional pyroclastic deposits, the formation of the present Cascade 
mountain range blocked the drainage to the east, resulting in extensive valley 


filling with alluvial material and starting the drainage pattern to the west 
which exists today. 
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The region is characterized by prominent sharp ridges and steep heavily 
timbered slopes with shear rock cliffs and broad high-level benches, which 
form a topography of early maturity. The valley slopes are mantled with a 
mixture of residual soils, slope wash and talus, and the valley floors are 
covered with varying depths of recent river alluvium, The river flows ina 
bouldery channel with many rapids and constrictions produced by boulder 
terrace deposits and by irregular erosion of the pyroclastic rocks and igneous 
intrusives. At the dam site it has cut a precipitous canyon some 700 feet deep 
through a basalt mass. 

A geologic section of the dam site at the axis is shown in Fig. 2. The bed- 
rock in the valley floor is a flat-lying series of alternating layers of mudstone 
and tuff. The results of pressure tests in core drill holes in this formation 
indicates that foundation leakage will not be a problem, and it is planned to 
limit the initial grouting in the valley floor to exploration grouting and to ex- 
pand this program in areas where the grout take indicates that additional 
grouting is necessary. The overburden on the valley floor is a mixture of 
sand, gravel and boulders which varies in depth from 5 feet to 30 feet except 
in potholes where a depth of 70 feet has been measured. This alluvium, ex- 
cept for a shallow surface mantle of sand and silt, has been well consolidated 
at all locations where it has been explored. The surface mantle will be re- 
moved from the entire area under the embankment, but it is not planned to 
excavate to bedrock except under the core and possibly in an exploration 
trench at the downstream toe of the dam. 

The sides of the canyon are formed by massive basalt outcrops which over - 
lie the tuffaceous sediments in the valley floor and rise almost vertically 
from the valley slopes to heights above the crest of the dam. These basalt 
masses are backed by a series of tuffaceous sediments similar to those in the 
valley floor which outcrop above the basalt on both abutments. The contact of 
the basalt and the tuffs was tight and usually welded in all the drill holes in 
which it was encountered. The overburden on both abutments is a mixture of 
basalt talus and sandy silt slope wash. The major accumulation of this talus 
overburden is downstream from the axis on the left abutment and depths of 
100 feet have been measured in drill holes in this area, All of this material 
will be removed from the foundation area under the embankment. 

The principal joint pattern in the area consists of two nearly complementa- 
ry sets of joints dipping from about 70 degrees to vertical. These joints oc- 
cur in the basalt on both sides of the canyon. On the left side one set of joints 
is nearly parallel to the canyon wall and the wall downstream from the axis 
is formed by almost vertical slabs more or less separated along these joints. 
(Fig. 6) The rock expesed above the talus slope is sound basalt, but when the 
talus was removed it was found that the basalt which had been covered was 
badly weathered and disintegrated to depths of about 30 feet. After the talus 
and weathered rock was removed from in front of the vertical slabs, some 
sections toppled inty the excavation indicating that the bases of these slabs 
are also disinteg.-ated. It is believed that the disintegration resulted from 
the action of water trapped in the open joints and in the talus. This condition 
is limited to the area downstream from the axis on the left abutment (Fig. 6) 
but will require the extensive removal of weathered rock and the removal of 
some sound rock in that area. It is anticipated that more extensive grouting 
will be required in the abutments than in the valley floor because of the joint- 
ing in the basalt. The extent of the proposed grout curtain is shown in Fig. 2. 
Horizontal holes will be drilled into the left abutment along the slope of the 
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Pig. 6 View of left Abutawat 


embankment downstream from the axis to provide drainage and prevent the 
accumulation of water in the open joints in the basalt. 


There are no known records of seismic activity originating in the vicinity 


of the dam site, but faulting is a prominent feature of the regional picture and 
some faults of appreciable offset cross through the site. These have not been 
considered in the embankment design because they do not appear to have 
suffered movement in recent geologic periods and those exposed in excavating 
the diversion tunnel were tight and well healed. 


Embankment Materiais 


Rock for the embankment will be obtained from required excavation for 
the spillway and other structures and from quarries in the basalt outcrops 
which form the sides of the canyon at the dam site. The principal quarry will 
be developed in the rock face downstream from the spillway on the right 
abutment. The basalt exposed in this face extends from approximate elevation 
1400 to approximate elevation 2100 and about 1800 feet downstream from the 
limits of the spillway tailrace channel, Jointing varies from 4 to 12 inches in 
the upper portion of this exposure, from 6 to 36 inches in the central portion 
and from 18 to 60 inches in the portion below approximate elevation 1500. A 
secondary quarry can be developed in the area upstream from the em- 
bankment on the left abutment. The rock is a good quality basalt, weighing 
150 to 160 pounds per cubic foot, with a compressive strength above 20,000 
pounds per square inch. Weathering and regional tectonics have opened the 
joints to varying degrees and the rock sizes which can be obtained will be 
largely controlled by the extent to which this has occurred, Weathering, ex- 
cept at shear planes and faults, is generally limited to an oxidized film or 
thin coating along the joints which does not impair the quality of the rock. 
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Locating a source of material for the impervious core in the vicinity of 
the dam site has been a problem. The larger deposits of suitable material 
occur as terraces on the upper portion of the valley slopes. Several of these 
were investigated with auger borings and bulldozer trenches and all were 
found to contain similar material. The most favorably located sources are 
two areas on the slopes above the right abutment, about 1.5 miles from the 
site by haul road. The material is a sandy silt with a liquid limit ranging 
from 45 to 60 and a plastic index ranging from 11 to 17. The natural moisture 
contents in all deposits explored were well above the optimum and the materi- 
al will have to be dried before it can be compacted with the heavy pneumatic- 
tired rollers which will be used. The shear strength is high when the materi- 
al is compacted at the moisture contents at which it can be used. Several de- 
posits of gravelly material were explored in an effort to find a material suit- 
able for use in the core which would be easier to work and could be worked 
over a longer season. The materials in the deposits explored contained suf- 
ficient fines to be impervious but they also contained cobbles and boulders in 
such amounts that processing would be necessary to remove them and this 
would be difficult because of the high moisture content and the clayey nature 
of the fines. 

Approximately 1,400,000 cubic yards of material have been removed from 
the abutment slopes and disposed of in a waste area just upstream from the 
dam site. This material is a mixture of basalt talus and sandy silt, with vary- 
ing amounts and sizes of talus rock. Much of this material appeared to be 
suitable for use in the core but some portions did not contain sufficient fines 
and all contained large rock and boulders. An effort was made to segregate 
the more suitable material in the disposal area and dragline trenches are be- 
ing excavated so that this material may be examined more carefully and 
samples obtained for laboratory testing. 

Material for the transition zone will be obtained from river bars and ad- 
jacent flood plain deposits in the vicinity of the dam site but it will probably 
be necessary to manufacture the filter materials in order to obtain the re- 
quired gradation. It is anticipated that filter materials and concrete aggre- 
gates will be manufactured from the local gravels in a combined operation 
since no satisfactory natural aggregates have been found. 


Embankment Design 


The design originally proposed for Cougar Dam in House Document 531, 
8ist Congress, 2nd Session (1950), was a gravel embankment with a compacted 
earth core, similar to the designs used for other dams in the Willamette River 
Basin. It was found, however, early in the advance planning investigations, 
that the construction of this type of embankment would require extensive 
borrow pits in gravel deposits near the mouth of the South Fork and that local 
interests would object to this excavation because it would impair the natural 
beauty of the area. Since an adequate quantity of rock for a rockfill em- 
bankment could be obtained from the basalt outcrops which form the canyon 
walls at the dam site, studies were made of the comparative costs of a gravel 
and a rockfill embankment. The results indicated that the total project cost 
would be less with a rockfill embankment than with the gravel embankment 
originally proposed. 
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Two types of rockfill embankment were considered, one with a centrally 
located compacted earth core, the other with a sloping compacted earth core 
located upstream from the axis. The central-core design would require less 
foundation excavation and a smaller quantity of impervious core material but 
the sloping-core design has the advantage that, under normal weather con- 
ditions, it could be constructed in a shorter period of time with a consequent 
saving in construction cost. The long rainy season in the Willamette River 
Basin limits the period during which impervious materials can be placed to 
from three to four months in normal years and may limit it to less than two 
months in wet years. Rock, on the other hand, can often be quarried and 
placed the year round at the elevation of the dam site, and for all except two 
or three months during the most severe winters. With a central-core design 
the rate at which the rockfill can be constructed will be controlled by the rate 
at which the core material can be placed. On gravel embankments construct- 
ed in this area it has usually been possible to continue placing gravel after 
the fall rains have halted the placing of core material but the length of time 
during which this can be done is limited, particularly during the later stages 
of construction, by the height to which the gravel can be carried above the 
core. When this height is reached it is necessary to stop all work on the em- 
bankment until the placing of core material can be resumed the following 
summer. With the sloping-core design the rockfill section downstream from 
the core, which contains the major portion of the rock in this design, can be 
completed independently of the core, and scheduling studies indicate that this 
could decrease the time required for construction by as much as one year. 

The sloping core section shown in Fig. 3 was adopted because the results 
of the preliminary studies indicated that a dam of this design could be con- 
structed at a substantially lower cost than one with a central core. It was 
planned to place the rock in the downstream dumped-rock section in one lift 
by dumping and sluicing from elevation 1610 and to face this with a compacted 
rock section to support the core. The compacted rock would be placed in 12- 
inch to 18-inch lifts and compacted with a 50-ton roller equipped with steel 
wheels. 

Since the proposed dam will be appreciably higher than any rockfill dam 
with a sloping core previousiy constructed, 445 feet above the foundation com- 
pared with 325 feet for Kenney Dam, there was considerable concern about 
the amount of settlement that would occur when the reservoir was filled and 
the possible effect of this settlement on the sloping core. Detailed information 
was obtained on the settlement of three rockfill dams with reinforced concrete 
faces, Salt Springs Dam (328 feet high), and the Lower Bear River Dams (245 
feet high and 150 feet high) constructed by the Pacific Gas and Electric 
Company in California. Essentially all of the water load settlement in these 
dams took place during the first complete filling of the reservoir. Two types 
of movement were observed in each dam, a settlement normal to the concrete 
facing which was maximum in the central portion of the dam about four-tenths 
of the height above the base, and a lateral settlement away from the abutments 
which was maximum at the abutments and tended to open joints and cause 
cracks in the upper portion of the concrete facing at or near the abutments. 
The lateral settlement in each case was roughly proportional to, and appeared 
to result from, the normal settlement. 

The settlement data on these dams indicates that the magnitude of water 
load settlements in rockfill dams may increase at a rate greater than in di- 
rect proportion to the height of the dam. Extrapolation from the measured 
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settlements indicates that a maximum settlement of 6 to 10 feet normal to the 
face might be expected in a similar dam the height of the proposed dam. It is 
expected that the settlement of a sloping-core rockfill dam will resemble that 
of a concrete-faced rockfill dam and could be greater because of the flatter 
slope on which the water load is applied. The probable high maximum settle- 
ment normal to the face of the core was not regarded as a problem in itself 
but the possibility of cracks developing in the core due to lateral settlement 
of the rock fill was thoroughly studied. Tension in a rock fill, such as occurs 
near the abutments, appears to open cracks in the rock fill and, in a sloping- 
core dam, would tend to open cracks in the core. It was observed that cracks 
normal to the axis opened at Salt Springs dam above the level of the partially 
filled reservoir during the first year. Arching the core in plan would not pro- 
tect it if cracks developed ahead of the rising reservoir level because water 
would enter the cracks before there was sufficient water pressure to close 
them by arch action. 

The problem of protecting the core against possible rupture became more 
serious as the design progressed. The relatively steep abutment slopes at the 
proposed site will be conducive to large lateral settlements in a rockfill em- 
bankment and the topography at the left abutment is such that it would be diffi- 
cult to avoid high tensile and shearing stresses in a sloping core. The most 
favorable location for the axis at the left abutment is along the crest of a 
steep-sided basalt ridge which projects into the valley at this point. Ina 
sloping-core design the base of the core would rest on the upstream slope of 
this ridge and the core would be supported by a varying depth of rock fill with 
an abrupt change in depth at the crest of the ridge. It was agreed that com- 
pacting the rock fill which supported the core would afford some protection to 
the core, and the possibility of compacting the entire downstream rockfill 
section was considered, but it was questioned if there could be any positive 
defense against cracking of a sloping core in a dam of the proposed height at 
this location. The suitability of the available core material for a sloping core 
was also questioned because laboratory tests indicate that it is an MH materi- 
al which would tend to crack rather than deform under tensile stress and 
would be very susceptible to erosion. Since the original decision in favor of 
the sloping core design had been based primarily on a comparison of estimat- 
ed costs of the two designs it was decided to restudy this comparison. The 
results of these studies indicated that, if the sloping-core design were modi- 
fied to meet the objections, it would no longer have any advantage over the 
central-core design in either cost or time required for construction, and 
there would still be a question if it were the preferable design for the pro- 
posed location. This was the basis for reversing the original decision and 
adopting the central-core section shown in Fig. 3. The plan for this section 
is shown in Fig. 1. 

The dumped-rock sections will be constructed of clean, sound basalt in 
quarry-run sizes with a limitation on the amount of fines, placed in lifts not 
more than 100 feet in height by dumping and sluicing. The contractor will be 
permitted to vary the lift heights to fit his construction program. The outer 
slope of each lift will be the natural dumped-rock slope and the required 
average slope will be obtained by berms at each lift. The downstream com- 
pacted rock section and the upstream compacted rock section above elevation 
1600 will be constructed of similar rock with a 12-inch maximum size, placed 
in shallow lifts and compacted. The lift thickness and amount of compaction 
to be required will be determined by test fills to be constructed this summer. 
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The quality requirements for the rock placed in the upstream compacted rock 
section below elevation 1600 will be relaxed to permit the use of partially 
weathered basalt, sound tuffs obtained from required excavation, boulder al- 
luvium excavated from the core trench, and the cleaner talus obtained from 
abutment stripping. Placing and compacting requirements will be similar to 
those for the other compacted rock sections. The downstream compacted 
rock section shown is a minimum section, and it is not expected that the down- 
stream boundary will be exactly as shown. When the dumped-rock section is 
constructed in advance of the core section the compacted rock will be placed 
against the dumped rock slopes, and when the core section is constructed in 
advance of the dumped-rock section the compacted rock section will be of the 
thickness required to support the core, 

The design of the core section has not been completed at this time. 
Present thinking is that it will be a two-section core, with material obtained 
from borrow areas in the upstream section and material obtained from 
abutment stripping in the downstream section. The final decision on this will 
not be made until investigations now being made of the materials stripped 
from the abutments are completed. The upstream slope of the core will be 
protected by a transition zone of gravel and sand and the downstream slope by 
a two-zone filter. A zone of rock spalls may be used downstream from the 
filter, depending on the results obtained in the compacted rock test fills. 

The estimated total in-place volume of the embankment now being designed 
is 13,200,000 cubic yards, which includes 11,000,000 cubic yards of rock, 


1,600,000 cubic yards of core material, and 600,000 cubic yards of filter and 
transition zone material. 
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PROCEEDINGS PAPERS 


The technical papers published in the past year are identified by number below. Technical-division 
sponsorship is indicated by an abbreviation at the end of gach Paper Number, the symbols referring to: Air 
Transport (AT), City Planning (CP), Construction (CO), Engineering Mechanics (EM), Highway (HW), Hy- 
draulics (HY), Irrigation and Drainage (IR), Pipeline (PL); Power (PO), Sanitary Engineering (SA), Soil 
Mechanics afd Foundations (SM), Structural (ST), Surveying and Mapping (SU), and Waterways and Harbors 
(WW), divisions. Papers sponsored by the Board of Direction are identified by the symbols (BD). For 
titles and order coupons, refer to the appropriate issue of “Civil Engineering.” Beginning with Volume 82. 
(January 1956) papers were published in Journals of the various Technical Divisions. To locate papers in 
the Journals, the symbols after the paper numbers are followed by a numeral designating the issue of a par- 
ticular Journal in which the paper appeared. For example, Paper 1449 \is identified as 1449 (HY 6) which 
indicates that the paper is coritained im the sixth issue of the Journal of the Hydraulics Division during 1957. 


VOLUME 83 (1957) 


AUGUST: 1330(HY4), 1331(HY4), 1332(HY4), 1333(SA4), 1334(SA4), 1335(SA4), 1336(6A4), 1337(SA4), 1336 
(SA4), 1339(CO1), 1340(CO1), 1341(COL), 1342(CO1), 1343(COl), 1344(PO4), 1345(HY4), 1346(PO4)", 1347 
(BD1), 1348(HY4)¢, 1349(SA4)° '1350(P04), 1351(P 04), 


SEPTEMBER: 1352({R2), 1353(STS), 1354(STS), 1355(STS), 1956(STS), 1367(STS), 1358(STS), 1359(1R2), 1360 
AUR2), 1361(STS), 1362(1R2), 1363((R2), 1364(IR2), 1965¢WW3), 1366(WWS), 1367(WW3), 1368(WWS3), 1369 
(WW3), LS70(WWS3), 1871(HW4), 1972(HW4), 1373(HW4), 1374(HW4), 1375(PL3), 1376(PL3), 1378 
(HW4)°, 1379(1R2), 1381(Www3)°, 1382(STS)f, 1383(PL3)°, 1364(1R2), 1385(HW4), 1986(HW4). 


OCTOBER: 1387(CP2), 1388(CP2), 1389(EM4), 1390(EM4,;1391(HY5), 1392(H YS), 1393(H YS), 1394(HY5), 1395 
(HY5S), 1396(PO5), 1397(PO5), 1396(PO5), 1399(EM4), 1400(SA5), 1401(H YS), 1402(HY5), 1403(HY5), 1404 
(HYS), 1405(HY5S), 1406(HYS), 1407(SA5), 1408(SAS), 1400(SAS), 1410(SA5), 1411(SAS), 1412(EM4), 1413 
(EM4), 1414(POS), 1415(EM4)©, 1416(PO5)°, 1417(HY5)°, 1419(P05), 1420(P 05), 1421(P05), 
1422(SA5)°, .1423(SA5), 1424(EM4), 1425(CP2). 


NOVEMBER: 1426(SM4), 1427(SM4), 1428(SM4), 1429(SM4), 1430(SM4)°, 1431(ST6), 1432(ST6), 14°3(STS6), 
1434(ST6), 1435(ST6), 1436(ST6), 1437(ST6), 1438(SM4), 1439(SM4), 1442(6T6)°, 
1443(SU2), 1444(SU2), 1445(S$U2), 1446(SU2), 1447(SU2), 1448(8U2)°. 


DECEMBER: 1449(HY6), 1450(HY6), 1451(HY6), 1452(HY6), 1453(HY6), 1454(HY6), 1456(HY8)¢, 
1457(PO8), 1458(P06), 1459(PO6), 1460(PO6)°, 1461(SA6), 1462(SA6), 1463(SAB), 1464(SA6), 1465(SAS), 
1466(SA6)©, 1467(AT2), 1468(AT2), 1469(AT2), 1470(AT2), 1471(AT2), 1472(AT2), 1473(AT2), 1474(AT2), 
1475(AT2), 1476(AT2), 1477(AT2), 1478(AT2), 1479(AT2), 1480(AT2), 1481(AT2), 1482(AT2), 1483(AT2), 
1484(AT2), 1485(AT2)°, 1486(BD2), 1487(BD2), 1488(PO6), 1489(POS), 1490(BD2), 1491(BD2), 1492(HY6), 
1493(BD2). 


VOLUME 84 (1968) 


JANUARY: 1494(EM1), 1495(EM1), 1496(EM1), 1497(IR1), 1498(TR1), 1S00(IRI), 1501(IR1), 1502 
(IR1), 1503(IR1), 1504(1R1), 1505(TR1), 1506(1R1), 1507(1R1), 1508(ST1), 1509(ST1), 1510(ST1), 1511(ST1), 
1812(8T1), 1613(WW1) 1514(WWI), 191S(WW1), 1516(WW1), 1517(WWI), 1518(WWwI), 1519(ST1), 1520 
(EM1)®, 1521(0R1)°, 1522(8T1)°, 1525(HW1), 1526¢HW1)°, 1527¢HW1). 


FEBRUARY: 1528(HY1), 1529(PO1), 1530(HY1), 1531(HY1), 1532(HY1), 1533(8A1), 1534(SA1), 1535(SM1i), 
1536(8M1),. I537(SM1), 1538(PO1)°, 1539(SA1), I540(SA1), 1541(SA1), 1542(SA1), 1543(SA1), 1544(SM1), 
1545(SM1), 1546(SM1), 1547(SM1), 1548(SM1), 1550(SM1), 1551(SM1), 1553(PO1), 


1554(PO1), 1555(PO1), 1556(PO1), 1557(SA1)*, 1558(HY1)°, 1559(SM1)°. 


MARCH: 1560(ST2), 1561(ST2), 1562(ST2), 41563(ST2), 1564(ST2), 1565(ST2), 1se6(ST2), 1567(ST2), 
(WW2), 1569(WWw2), 1570(WW2), 1573(Ww2), 1574(PL1), 1575(PL1), 1876(ST2)°, 
1577(PL1), 1678(PL1)°, 1579(ww2)°. 


APRIL: 1580(EM2), 1581(EM2), 1582(HY2), 1583(HY2), 1584(HY2), 1585(HY2), 1586(HY2), 1587(HY2), 1568 
(HY2), 1589(7R2), 1590(IR2), 1591(TR2), 1592/SA2), 1593(SU1), 1594(SU1), 1595(SU1), 1596(EM2), 1697(P02), 
1598(P02), 1599(P02), 1600(PO2), 1601(PO2), 1602(P02), 1603(HY2), 1604(EM2), 1605(SU1)¢, 1606(SA2), 
1607(SA2), 1608(SA2), 1609(SA2), 1610(SA2), 1611(SA2), 1618(SA2), 1613(SA2), 1614(SA2)°, 1615(1R2)°, 1616 
(HY2)¢, 1617(SU1), 1618(PO2)°, 1619(EM2)°, 1620(CP1). 


MAY: 1621(HW2), 1622(HW2), 1623(7W2), 1624(@1W2), 1625(HW2), 1626(HW2), 1627(HW2), 1628(HW2), 1629 
(ST3), 1630(ST3), 1631(ST3), 1632(ST3), 1633(ST3), 1634(ST3), 1635(ST3), 1636(ST3), 1637(ST3), 1638(STS), 
1639(WW3), 1640(WW3), 1641(WWS), 1642(WW3), 1643(WW3), 1644(WW3), 1645(SM2), 1646(SM2), 1647 
(SM2), 1648(8M2), 1649(SM2), 1660(5M2), 1651 (HW2), 1652(HW2)°, 1653(WW3)°, 1654(SM2), 1655(SM2), 
1656(ST3)°, 1657(SM2)°~ 

JUNE: 1658AT1), 1659(AT1), 1660(HY3), 1661(HY3), 1662(HYS), 1663(HY3), 1664(HYS), 1665(SA3), 1666 
(PL2), 1667(PL2), 1668(PL2), 1669(AT1), 1670(PO3), 1671(PO3), 1672(PO3), 1673(PL2); 1674(PL2), i675 
(POS), 1676(POS), 1677(SA3), 1678(SA3), 1679(SA3), 1680(SA3), 1681(SA3), 1682(SA3), 1683(PO3), 1684 
(HY3), 1685(SA3), 1686(SA3), 1687(PO3), 1688(SA3)°, 1689(PO3)°, 1690(HY3)*, 1691(PL2)°. 


JULY: 1692(EM3), 1698(EM3), 1694(ST4), 1695(ST4), 1696(ST4), 1697(SU2), 1698(SU2), 1699(SU2), 1700(sU2), 
1701(8A4), 1702(SA4), 1703(SA4), 1704(SA4), 1705(SA4), 1706(EM3), 1707(ST4), 1708(ST4); 1709(ST4), 1710 
(ST4), 17L1(ST4), 1712(ST4),. 1713(SU2), 1714(SA4), 1715(8A4), 1716(SU2), 1717(SA4), 1719 
(EM3), 1720(8U2), 1723(ST4), 1724(EM3)°. 


AUGUST: 1725(H¥4), 1726(HY4), 1727(6M3), 1728(SM3), 1729(5M3),. 1730(SM3),.1731(SM3), 1733 
(PO4), 1734(PO4), 1735(PO4), 1736(PO4), 1737(PO4), 1738(PO4), 1739(PO4), 1740(PO4), 1741(PO4), 1742 
(PO4), 1743(P04), 1744(PO4), 1745(PO4), 1746(PO4), 1747(PO4), 1748(PO4), 1749(PO4), 

Discussion of several papers, grouped by divisions. ~ 
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